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1
ILLUMINATION DEVICE AND PROJECTION
DISPLAY DEVICE USING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage of International Appli-
cation No. PCT/JP2010/065601 filed Sep. 10, 2010, claiming
priority based Japanese Patent Application No. 2009-222671,
filed Sep. 28, 2009 the contents of all of which are incorpo-
rated herein by reference in their entirety.

TECHNICAL FIELD

The present invention relates to a projection-type display
device of which a projector is representative, and more par-
ticularly relates to an illumination device that generates an
illumination light in which light of a plurality colors is syn-
thesized and to a projection-type display device that uses this
illumination device.

BACKGROUND ART

A projection-type display device includes an illumination
device, a display element that is illuminated by the illumina-
tion light from the illumination device, and a projection lens
that magnifies and projects the image displayed on the display
element onto a screen. The illumination device is made up of
awhite light source, and a color wheel in which red (R), green
(G), and blue (B) color filters are arranged in a disk form. The
light from the white light source is entered onto the color
wheel that rotates at high speed, whereby an illumination
light is obtained in which color switches in a time sequence.

In the projection-type display device that is provided with
the above-described illumination device, a full-color image
can be displayed on a screen according to the principles of
successive additive color mixture by displaying images of
these color components on display elements in synchroniza-
tion with the switching of the illumination light. This type of
projection-type display device is referred to as a field-sequen-
tial or time-division projection-type display device.

A high-luminance light source such as a high-pressure
mercury lamp is used as the white light source. However, a
discharge lamp such as a high-pressure mercury lamp, while
having high luminance, gives rise to the problems described
hereinbelow in an illumination device that is combined witha
color wheel or in a projection-type display device that uses
such an illumination device.

Such a lamp is inconvenient to use because a lengthy time
is required from being turned on until reaching a steady state
of brightness, and further, after being turned off, a waiting
period is also required for sufficient cooling before the lamp
can be relighted.

When colored light is obtained from a white light source by
acolor wheel, the light utilization efficiency is extremely poor
because, for example, blue and green light cannot be used
during the time interval in which light passes through the red
color filter to give red illumination.

In addition, two colors are mixed when light passes
through the boundary portions of the color filters. As a result,
the color purity of light that has passed through the boundary
portions is degraded, or the light utilization efficiency drops
because this light is not used in the projection display.

Still further, the time or order of switching colors is fixed
by the color wheel that is employed.

In addition to the above, there is the problem that mechani-
cal parts that causes the color wheel to rotate at high speed and
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sensors and electronic circuits that control the stability of
rotation are required, leading to a corresponding increase in
the cost of the device. Still further, there is the problem of
noise during high-speed rotation.

Recent years have seen the development of higher lumi-
nance of light sources such as light-emitting diodes (LEDs)
and semiconductor lasers (LLDs) that are referred to as semi-
conductor light sources or solid-state light sources. The light
emitted from these semiconductor light sources has a nar-
rower spectral width than the light of white light sources of
which discharge lamps such as high-pressure mercury lamps
are representative and have the feature of enabling higher
color reproducibility to be obtained without the use of color
filters.

If an illumination device is configured using, for example,
red (R), green (G), and blue (B) LEDs and a color synthesis
optical element in place of a white light source and color
wheel and the LEDs of each color are successively lighted, an
illumination device is obtained in which colors are switched
in a time sequence.

In contrastto a discharge lamp in which time is required for
brightness to reach a steady state of brightness after lighting,
a semiconductor light source such as an LED obtains an
illumination light as well as a projected image that is bright
immediately after lighting, and moreover, requires no waiting
time for cooling before relighting. As a result, using a semi-
conductor light source as the light source of a projection-type
display device improves user convenience.

In addition, an LED has a longer service life than a dis-
charge lamp and is superior from an environmental stand-
point because mercury is not used. The utilization efficiency
oflight is high because blue and green LEDs are extinguished
when red is irradiated by an LED, and lower power consump-
tion can thus be realized. Still further, installing a dimming
function that controls the amount of current of the LEDs
enables precise power saving according to conditions.

Because each of the red, green, and blue LEDs can be
separately controlled, the time and order of color switching
can be controlled electronically, colors can be switched
freely, and moreover, synchronization with the display ele-
ments can be achieved with high accuracy. Because colors
can be switched at high speed, color break-up that was prob-
lematic in the field-sequential mode color display can be
markedly reduced. The ability to obtain not only R-G-B illu-
mination light but also C (cyan), M (magenta), Y (yellow), as
well as W (white) illumination light also enables display by a
display mode that prioritizes brightness by displaying these
color images. Still further, the problems of deterioration of
rotation mechanism parts or noise caused by high-speed rota-
tion do not arise.

Due to these many advantages afforded by LEDs, an illu-
mination device that uses, for example, LEDs and a color
synthesis optical element in a projection-type display device
is highly anticipated.

However, emission light of a sufficient brightness cannot
currently be obtained from a single LED. Thus, in order to
realize higher luminance, various techniques for combining a
plurality of colors have been proposed. For example, Patent
Documents 1-3 disclose light source devices that combine
luminous flux from a plurality of LEDs having different peak
wavelengths by means of dichroic mirrors or dichroic prisms.
These light source devices are of a mode in which differences
in wavelength are used to synthesize colored light by dichroic
mirrors.

Alternatively, light source devices are disclosed in Patent
Documents 4 and 5 in which at least one of three light sources
is of a configuration in which a plurality of light sources
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having different peak wavelengths are disposed in array form.
This is a mode of spatially synthesizing colored light.

Yet another mode of synthesizing colored light is a tech-
nique that uses polarization. For example, an illumination
device is disclosed in Patent Document 6 in which light from
two light sources that emit light having random polarization
directions is converted to linearly polarized light having
polarization directions that are mutually orthogonal and is
then synthesized by a polarization beam splitter.

As arelated invention, Patent Document 7 discloses a light
source device in which light of each color is arranged in a
specific polarization direction in advance and then synthe-
sized by a dichroic prism. Still further, a projection-type
display device is disclosed in Patent Document 8 in which the
polarization direction of incident light is selected while tak-
ing into consideration the incident angle dependency when
colors are synthesized by a dichroic prism.

The color synthesis optical element that is used in the light
source device described in Patent Document 8 includes blue-
reflecting multilayer film and red-reflecting multilayer film.
FIG. 1A shows the spectral reflectance characteristic of the
blue-reflecting multilayer film, and FIG. 1B shows the spec-
tral reflectance characteristic of the red-reflecting multilayer
film.

As shown in FIG. 1A, the cutoff wavelength of S-polarized
light of the blue-reflecting multilayer film is at least 510 nm
but no greater than 540 nm. As shown in FIG. 1B, on the other
hand, the cutoff wavelength of S-polarized light of the red
reflecting multilayer film is at least 540 nm but no greater than
560 nm.

The light (P-polarized light) from a green light valve (dis-
play element) is entered into the blue-reflecting multilayer
film and the red-reflecting multilayer film, and light (S-polar-
ized light) from red and blue light valves (display elements) is
entered into blue-reflecting multilayer film and red-reflecting
multilayer film.

LITERATURE OF THE PRIOR ART
Patent Documents

Patent Document 1:
cation Publication No.
Patent Document 2:
cation Publication No.
Patent Document 3:
cation Publication No.
Patent Document 4:
cation Publication No.
Patent Document 5:
cation Publication No.
Patent Document 6:
cation Publication No.
Patent Document 7:
cation Publication No.
Patent Document 8:
cation Publication No.

Japanese Unexamined Patent Appli-
2001-042431 (FIG. 1)
Japanese Unexamined Patent Appli-
2005-321524 (FIG. 1)
Japanese Unexamined Patent Appli-
2004-070018 (FIG. 5)
Japanese Unexamined Patent Appli-
2004-325630 (FIG. 1)
Japanese Unexamined Patent Appli-
2005-189277 (FIG. 1)
Japanese Unexamined Patent Appli-
2006-337609 (FIG. 1)
Japanese Unexamined Patent Appli-
2000-056410 (FIG. 7)
Japanese Unexamined Patent Appli-
HO01-302385 (FIG. 1)

SUMMARY OF THE INVENTION

A projection-type display device that uses LEDs as light
sources of each of the colors red, green, and blue and that
synthesizes the colored light from the LEDs of each color to
obtain white light has the problems as described below.

In the projection optics, there is also the constraint of
etendue that is determined by the area of the light source and
the angle of divergence. If the value that is the product of the
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area of the light source and the angle of divergence is not
made less than or equal to the value of the product of the area
of a display element and the acceptance angle (solid angle)
that is determined by the f-number of the projection lens, the
light from the light source is not used as projection light. In
other words, in the projection optics, there are constraints
regarding the area of a semiconductor chip of an LED or the
number of LEDs, and moreover, there is a constraint regard-
ing the angular spread of the illumination light. Essentially,
brightness cannot be improved even if a multiplicity of LEDs
greater than or equal to the number determined by the con-
straint of etendue is aligned in an array.

Still further, because the optical output characteristic of
LEDs differs for each of the colors of red, green, and blue, the
optical output of the LEDs of other colors must be restrained
to accord with the optical output of the LEDs of the color
having the lowest performance. As a result, the maximum
optical output performance of LEDs of other colors cannot be
realized.

Under the conditions of the constraints of etendue, an
illumination device that can exhibit the maximum optical
output performance of the LEDs of each color and that can
obtain white light having superior white balance is difficult to
realize even by a combination of the technology disclosed in
Patent Documents 1-8.

For example, even if a device in which the polarization
dependence of a dichroic mirror is taken into consideration in
selecting the polarization direction of incident light (Patent
Document 8) is used in a device that, taking incident angle
dependency and polarization dependency into consideration,
uses polarization to synthesize light (Patent Document 6) or
in a device that aligns the light of each color in a specific
polarization direction in advance and then irradiates the light
into a dichroic mirror (Patent Document 7), the light of a color
that is inadequate at the LED light source cannot be aug-
mented, and consequently, the constraints of etendue cannot
be canceled and the optical output performance of all LEDs
cannot be displayed at their maximum. Here, the incident
angle dependency is the shifting of cutoff wavelengths
towards shorter wavelengths or longer wavelengths from the
set values according to the angle of incidence to the dichroic
mirror. Polarization dependency is the difference in cutoff
wavelengths between P-polarized light and S-polarized light.

It is therefore an object of the present invention to provide
an illumination device that can obtain white light having
superior white balance and that can display the optical output
performance of an LED at a maximum and thus solve the
above-described problems, and to provide a projection-type
display device that uses such an illumination device.

The illumination device of the present invention for achiev-
ing the above-described objects includes:

a first light source that includes a solid-state light source
whose peak wavelength is set in the red wavelength band;

a second light source that includes a solid-state light source
whose peak wavelength is set in the green wavelength band;

a third light source that includes a solid-state light source
whose peak wavelength is set in the blue wavelength band;
and

a color synthesis optical element that synthesizes colored
light of a first polarization that is entered from the above-
described second light source and colored light of a second
polarization whose polarization state differs from that of the
above-described first polarization that is entered from the
above-described first and third light sources;

wherein any one of the above-described first to third light
sources further includes at least one solid-state light source
whose peak wavelength is set in a specific wavelength band
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that is the wavelength band of the color of the solid-state light
source that is used in one of the remaining two light sources.

The projection-type display device ofthe present invention
includes: the above-described illumination device;

a display element into which light from the above-de-
scribed illumination device is entered;

projection optics that project an image displayed by the
above-described display elements; and

control means that both displays images that accord with
an input video signal on the above-described display element
for each color component that corresponds to the three pri-
mary colors of light and that controls the lighting of the
above-described first to third light sources that make up the
above-described illumination device in synchronization with
the timing of the image display of each color component.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A is a graph showing the spectral reflectance char-
acteristic of blue-reflecting multilayer film of the color syn-
thesis optical element described in Patent Document 8.

FIG. 1B is a graph showing the spectral reflectance char-
acteristic of a red-reflecting multilayer film of the color syn-
thesis optical element described in Patent Document 8.

FIG. 2 is a perspective view showing the configuration of
the illumination device that is the first exemplary embodi-
ment of the present invention.

FIG. 3A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of the first dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 2.

FIG. 3B is a graph showing the spectral reflectance char-
acteristic with respect to P-polarized light and S-polarized
light of the first dichroic mirror of the color synthesis optical
element that forms part of the illumination device shown in
FIG. 2.

FIG. 4A is a graph showing the spectral transmittance
characteristic of the second dichroic mirror of the color syn-
thesis optical element that forms part of the illumination
device shown in FIG. 2.

FIG. 4B is a graph showing the spectral reflectance char-
acteristic of the second dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 2.

FIG. 5 is a block diagram showing the configuration of the
light source that is used in the illumination device shown in
FIG. 2.

FIG. 6A is a schematic view showing the configuration of
the red LED module that is used as a light source of the
illumination device shown in FIG. 2.

FIG. 6B is a schematic view showing the configuration of
the green LED module that is used as a light source of the
illumination device shown in FIG. 2.

FIG. 6C is a schematic view showing the configuration of
the blue LED module that is used as a light source of the
illumination device shown in FIG. 2.

FIG. 7 is a schematic view showing an example of optical
paths when colored light is synthesized using the illumination
device shown in FIG. 2.

FIG. 8A is a graph showing the relation between the emis-
sion spectrum of a green LED light source and the spectral
transmittance characteristic with respect to P-polarized light
of the first dichroic mirror of the color synthesis optical ele-
ment that forms part of the illumination device shown in FI1G.
2.
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FIG. 8B is a graph showing the relation between the emis-
sion spectrums of each of red, green, and blue LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of the first dichroic mirror of the
color synthesis optical element that forms part of the illumi-
nation device shown in FIG. 2.

FIG. 9A is a graph showing the relation between the emis-
sion spectrum of a green LED light source and the spectral
transmittance characteristic with respect to P-polarized light
of the second dichroic mirror of the color synthesis optical
element that forms part of the illumination device shown in
FIG. 2.

FIG. 9B is a graph showing the relation between the emis-
sion spectrums of each of the red, green, and blue LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of the second dichroic mirror of
the color synthesis optical element that foams part of the
illumination device shown in FIG. 2.

FIG. 10 is a schematic view showing another example of
optical paths when colors are synthesized using the illumina-
tion device shown in FIG. 2.

FIG. 11A is a graph showing the relation between the
emission spectrums of each of green and red LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of the first dichroic mirror of the
color synthesis optical element that forms part of the illumi-
nation device shown in FIG. 10.

FIG. 11B is a graph showing the relation between the
emission spectrums of each of red, green and blue LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of the first dichroic mirror of the
color synthesis optical element that forms part of the illumi-
nation device shown in FIG. 10.

FIG. 12A is a graph showing the relation between the
emission spectrums of each of green and red LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of the second dichroic mirror of
the color synthesis optical element that forms part of the
illumination device shown in FIG. 10.

FIG. 12B is a graph showing the relation between the
emission spectrums of each of red, green, and blue LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of the second dichroic mirror of
the color synthesis optical element that forms part of the
illumination device shown in FIG. 10.

FIG. 13 is a perspective view showing the configuration of
the illumination device that is the second exemplary embodi-
ment of the present invention.

FIG. 14A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of the first dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 13.

FIG. 14B is a graph showing the spectral reflectance char-
acteristic with respect to P-polarized light and S-polarized
light of'the first dichroic mirror of the color synthesis optical
element that forms part of the illumination device shown in
FIG. 13.

FIG. 15A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of the second dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 13.

FIG. 15B is a graph showing the spectral reflectance char-
acteristic with respect to P-polarized light and S-polarized
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light of the second dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 13.

FIG. 16 is a schematic view showing an example of the
optical paths when colored light is synthesized using the
illumination device shown in FIG. 13.

FIG. 17A is a graph showing the relation between the
emission spectrum of a green LED light source and the spec-
tral transmittance characteristic with respect to P-polarized
light of the first dichroic mirror of the color synthesis optical
element that forms part of the illumination device shown in
FIG. 13.

FIG. 17B is a graph showing the relation between the
emission spectrums of each of the red, green, and blue LED
light sources and the spectral reflectance characteristic with
respect to S-polarized light of the first dichroic mirror of the
color synthesis optical element that foams part of the illumi-
nation device shown in FIG. 13.

FIG. 18A is a graph showing the relation between the
emission spectrum of a green LED light source and the spec-
tral transmittance characteristic with respect to P-polarized
light of the second dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 13.

FIG. 18B is a graph showing the relation between the
emission spectrums of each of red, green, and blue LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of the second dichroic mirror of
the color synthesis optical element that forms part of the
illumination device shown in FIG. 13.

FIG. 19 is a perspective view showing the configuration of
the illumination device that is the third exemplary embodi-
ment of the present invention.

FIG. 20 is a perspective view showing the configuration of
the illumination device that is the fourth exemplary embodi-
ment of the present invention.

FIG. 21A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of the first dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 20.

FIG. 21B is a graph showing the spectral reflectance char-
acteristic with respect to P-polarized light and S-polarized
light of the first dichroic mirror of the color synthesis optical
element that forms part of the illumination device shown in
FIG. 20.

FIG. 22A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of the second dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 20.

FIG. 22B is a graph showing the spectral reflectance char-
acteristic with respect to P-polarized light and S-polarized
light of the second dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 20.

FIG. 23 is a schematic view showing an example of the
optical paths when colors are synthesized using the illumina-
tion device shown in FIG. 20.

FIG. 24A is a graph showing the relation between the
emission spectrums of each of blue and green LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of the first dichroic mirror of the
color synthesis optical element that forms part of the illumi-
nation device shown in FIG. 20.

FIG. 24B is a graph showing the relation between the
emission spectrums of each of green and red LED light
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sources and the spectral reflectance characteristic with
respect to S-polarized light of the first dichroic mirror of the
color synthesis optical element that forms part of the illumi-
nation device shown in FIG. 20.

FIG. 25A is a graph showing the relation between the
emission spectrums of each of blue and green LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of the second dichroic mirror of
the color synthesis optical element that forms part of the
illumination device shown in FIG. 20.

FIG. 25B is a graph showing the relation between the
emission spectrums of each of green and red LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of the second dichroic mirror of
the color synthesis optical element that forms part of the
illumination device shown in FIG. 20.

FIG. 26 is a perspective view showing the configuration of
the illumination device that is the fifth exemplary embodi-
ment of the present invention.

FIG. 27A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of the first dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 26.

FIG. 27B is a graph showing the spectral reflectance char-
acteristic with respect to P-polarized light and S-polarized
light of'the first dichroic mirror of the color synthesis optical
element that forms part of the illumination device shown in
FIG. 26.

FIG. 28A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of the second dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 26.

FIG. 28B is a graph showing the spectral reflectance char-
acteristic with respect to P-polarized light and S-polarized
light of the second dichroic mirror of the color synthesis
optical element that forms part of the illumination device
shown in FIG. 26.

FIG. 29 is a schematic view showing an example of the
optical paths when colors are synthesized using the illumina-
tion device shown in FIG. 26.

FIG. 30A is a graph showing the relation between the
emission spectrums of each of green and red LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of the first dichroic mirror of the
color synthesis optical element that forms part of the illumi-
nation device shown in FIG. 26.

FIG. 30B is a graph showing the relation between the
emission spectrums of each of blue and green LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of the first dichroic mirror of the
color synthesis optical element that forms part of the illumi-
nation device shown in FIG. 26.

FIG. 31A is a graph showing the relation between the
emission spectrums of each of green and red LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of the second dichroic mirror of
the color synthesis optical element that forms part of the
illumination device shown in FIG. 26.

FIG. 31B is a graph showing the relation between the
emission spectrums of each of blue and green LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of the second dichroic mirror of
the color synthesis optical element that foams part of the
illumination device shown in FIG. 26.
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FIG. 32 isablock diagram showing the configuration of the
projection-type display device that is the sixth exemplary
embodiment of the present invention.

FIG. 33 isablock diagram for describing the control means
of the projection-type display device shown in FIG. 32.

FIG. 34 is ablock diagram showing the configuration of the
projection-type display device that is the seventh exemplary
embodiment of the present invention.

EXPLANATION OF REFERENCE NUMBERS

1 color synthesis optical element

1a-1d right angle prisms

24 first dichroic mirror

25 second dichroic mirror

3a-3c¢ light sources

Best Mode for Carrying Out the Invention

Exemplary embodiments of the present invention are next
described with reference to the accompanying drawings.

First Exemplary Embodiment

FIG. 2 is a perspective view showing the configuration of
the illumination device that is the first exemplary embodi-
ment of the present invention.

Referring to FIG. 2, the illumination device includes color
synthesis optical element 1 and three light sources 3a-3c.

Color synthesis optical element 1 is a cross dichroic prism
made up of four right angle prisms 1a-1d in which the sur-
faces that form right angles are joined together. A uniform
first plane is formed by the joined surfaces of right angle
prisms 1a and 1d and the joined surfaces of right angle prisms
16 and 1c¢, and first dichroic mirror 2a composed of a dielec-
tric multilayer film is formed on this first plane. A uniform
second plane that intersects the first plane is formed by the
joined surfaces of right angle prisms 1a and 15 and the joined
surfaces of right angle prisms 1¢ and 1d, and second dichroic
mirror 2b composed of dielectric multilayer film is formed on
this second plane. In other words, first dichroic mirror 2a and
second dichroic mirror 26 are formed such that their film
surfaces intersect each other.

Light is entered from three surfaces (each of the surfaces of
right angle prisms 1a, 1¢, and 1d) of the four side surfaces of
color synthesis optical element 1 and colors are synthesized.
The one remaining side surface is the exit surface of the
synthesized light.

Light source 3a supplies red light (S-polarized light). Light
source 3b supplies green light (P-polarized light). Light
source 3¢ supplies green and blue light (S-polarized light).
Here, red, green, and blue correspond to the three primary
colors of light.

The S-polarized light (red) from light source 3a is entered
into color synthesis optical element 1 from the incident sur-
face of right angle prism 1c. The P-polarized light (green)
from light source 35 is entered into color synthesis optical
element 1 from the incident surface of right angle prism 1d.
The S-polarized light (green+blue) from light source 3¢ is
entered into color synthesis optical element 1 from the inci-
dent surface of right angle prism 1a.

In color synthesis optical element 1, the S-polarized light
(red), P-polarized light (green), and S-polarized light (green+
blue) from each incident surface are synthesized by first dich-
roic mirror 2a and second dichroic mirror 25.

FIG. 3A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of first dichroic mirror 2a. FIG. 3B is a graph
showing the spectral reflectance characteristic with respect to
P-polarized light and S-polarized light of the first dichroic
mirror 2a.
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The cutoff wavelength is defined as the wavelength at
which the transmittance or reflectance is 50%. The cutoff
wavelength of first dichroic mirror 2a with respect to incident
P-polarized light is 400 nm. In this case, first dichroic mirror
2a largely transmits and does not reflect P-polarized light
having a wavelength of 400 nm or more. On the other hand,
the cutoft wavelength of first dichroic mirror 2a with respect
to incident S-polarized light is 580 nm. In this case, first
dichroic mirror 24 largely transmits and does not reflect S-po-
larized light having a wavelength of 580 nm or more. In
addition, first dichroic mirror 24 largely reflects and does not
transmit S-polarized light having a wavelength shorter than
580 nm.

If the characteristics of first dichroic mirror 2a are
expressed by its action upon colored light, with respect to
blue and green light, first dichroic mirror 2a transmits P-po-
larized light and reflects S-polarized light. In other words,
first dichroic mirror 2a also acts as a polarization beam split-
ter with respect to blue and green light. In addition, with
respectto red light, first dichroic mirror 2a transmits and does
not act in any way upon either of P-polarized light and S-po-
larized light.

FIG. 4A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of second dichroic mirror 2b. FIG. 4B is a graph
showing the spectral reflectance characteristic with respect to
P-polarized light and S-polarized light of second dichroic
mirror 2b.

The cutoft wavelength of second dichroic mirror 26 with
respect to incident P-polarized light is 700 nm. In this case,
second dichroic mirror 26 largely transmits and does not
reflect P-polarized light having a wavelength of 700 nm or
less. On the other hand, the cutoff wavelength of second
dichroic mirror 256 with respect to incident S-polarized light is
580 nm. In this case, second dichroic mirror 25 largely
reflects and does not transmit S-polarized light having a
wavelength of 580 nm or more. In addition, second dichroic
mirror 25 largely transmits and does not reflect S-polarized
light having a wavelength shorter than 580 nm.

If the characteristics of second dichroic mirror 25 are
expressed as its action upon colored light, with respect to blue
and green light, second dichroic mirror 25 transmits and does
not act in any way upon either of P-polarized light and S-po-
larized light. In addition, with respect to red light, second
dichroic mirror 26 transmits P-polarized light and reflects
S-polarized light. In other words, second dichroic mirror 26
also acts as a polarization beam splitter with respect to red
light.

FIG. 5 is a block diagram showing the basic configuration
of'a light source that is used as light sources 3a-3¢. Referring
to FIG. 5, the light source includes LED module 50 in which
an LED that is light-emitting unit 51 is mounted on a sub-
strate. The substrate also provides the function of radiator
plate and a heat sink (not shown) is attached. A forced cooling
apparatus is further provided on LED module 50 and tem-
perature control is carried out such that the light-emitting
characteristic of the LED is stabilized.

When the switch of the illumination device is turned on,
drive circuit 53 supplies drive current to light-emitting unit
(LED) 51. When current flows in light-emitting unit (LED)
51, light-emitting unit (LED) 51 emits light. The light from
light-emitting unit (LED) 51 is condensed by condensing
optics 52. The luminous flux from condensing optics 52 is
entered into color synthesis optical element 1.

Although an optical element in the form of a lens is used as
the condensing optics in FIG. 5, a reflective optical element
such as a reflector may also be used. In addition, a fly-eye lens
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or glass rod may be used as an integrator for illuminating the
display element uniformly. Still further, in order to efficiently
obtain polarization components, optics may be used for re-
using one polarization component, such as polarization con-
version optics that use a polarization beam splitter and a
half-wave plate. Of course, light-emitting unit 51 of LED
module 50 may be a light source that emits polarized light, or
a configuration may be adopted in which a polarization con-
version function is provided in light-emitting unit 51 such that
polarized light is emitted from light-emitting unit 51. Any
form can be configured through the free combination of
known technology.

An actual configuration of the LED module of light sources
3a-3c is next described.

FIG. 6A is a schematic view showing the configuration of
the red LED module that is used in light source 3a. Referring
to FIG. 6A, red LED module 60 includes light-emitting unit
61 that is composed of four LED chips 61a-61d. All of LED
chips 61a-61d are red LEDs having a peak wavelength of 630
nm and all have substantially identical chip areas.

FIG. 6B is a schematic view showing the configuration of
the green LED module that is used in light source 35. Refer-
ring to FIG. 6B, green LED module 70 includes light-emit-
ting unit 71 composed of four LED chips 71a-71d. All of LED
chips 71a-71d are green LEDs having a peak wavelength of
520 nm and all have substantially identical chip areas.

FIG. 6C is a schematic view showing the configuration of
the blue LED module that is used in light source 3¢. Referring
to FIG. 6C, blue LED module 80 includes light-emitting unit
81 composed of four LED chips 81a-81d. All of LED chips
81a-81c are blue LEDs having a peak wavelength of 460 nm.
LED chip 81d is a green LED having a peak wavelength of
520 nm. The chip areas of LED chips 81a-81d are substan-
tially identical.

The emission spectrums of the red, green, and blue LEDs
that make up the above-described LED chips 61a-61d, 71a-
71d, and 81a-81d are similar to the emission spectrums
shown in FIG. 8B, to be described.

The areas of each of light-emitting units 61, 71, and 81 are
basically determined by the area of the display elements and
the f-number of the projection lens based on the previously
described constraints of etendue, but when determining the
areas, the positioning margins during manufacturing and the
uniformity of the illuminance distribution of the illumination
light are taken into consideration.

In red LED module 60, green LED module 70, and blue
LED module 80, the light-emission characteristics vary with
respect to current of the LED chips that make up the light-
emitting units, and the amount of current to the LED chips is
controlled by the drive circuit shown in FIG. 5 in accordance
with this light-emission characteristic.

In addition, the characteristics of each color of the LEDs
during rated drive are as follows. The chromaticity of the red
LEDs is given as (0.700, 0.300) on xy chromaticity coordi-
nates and the emitted luminous flux is 455 lm per chip. The
chromaticity of the green LEDs is given as (0.195, 0.700) on
xy chromaticity coordinates and the emitted luminous flux is
1000 Im per chip. The chromaticity of the blue LEDs is
(0.140,0.046) on xy chromaticity coordinates and the emitted
luminous flux is 133 Im per chip.

The setting of the cutoff wavelength with respect to S-po-
larized light of first dichroic mirror 2a and second dichroic
mirror 2b to the yellow band of 580 nm differs greatly from
the spectral characteristics of the dichroic prism disclosed in
Patent Document 8 (see FIGS. 1A and 1B). Due to this point
of difference, the light of a color that is inadequate can be
augmented within the constraints of etendue to obtain good
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white balance and the optical output characteristic of LED
light sources can be displayed at a maximum. These features
will be described in detail hereinbelow.

FIG. 7 is a plan view for describing the optical paths when
colored light is synthesized using the illumination device
shown in FIG. 2.

Of the four side surfaces of color synthesis optical element
1, three surfaces are incident surfaces and the colored light
that is entered from these incident surfaces is synthesized by
first dichroic mirror 2a and second dichroic mirror 2. The
one remaining surface is the exit surface, and the synthesized
colored light is emitted from this exit surface.

In FIG. 7, the lines represented by solid lines with arrows
each show representative directions of progression of inci-
dent luminous flux, but this is not intended to indicate that the
incident rays are only the lines represented by these solid lines
with arrows. The incident light is luminous flux having a
cross-sectional area no greater than the incident surfaces of
color synthesis optical element 1 and includes positions other
than the lines represented by the solid lines with arrows and
further includes angular components.

Light source 3a emits red S-polarized light. The red S-po-
larized light from light source 3a is entered into color synthe-
sis optical element 1 from the incident surface of right angle
prism 1c¢ (in FIG. 7, the surface located on the lower side of
the figure).

First dichroic mirror 2a does not act in any way upon red
S-polarized light and the red S-polarized light therefore
passes through first dichroic mirror 2a without change. Onthe
other hand, second dichroic mirror 25 reflects all red S-po-
larized light. As a result, the luminous flux of red S-polarized
light is bent 90 degrees at second dichroic mirror 25 and then
exited from the exit surface of right angle prism 15, as shown
in FIG. 7.

Light source 3b emits green P-polarized light. The green
P-polarized light from light source 35 is entered into color
synthesis optical element 1 from the incident surface of right
angle prism 1d (in FIG. 7, the surface located on the left side
of the figure).

Neither first dichroic mirror 2a nor second dichroic mirror
2b act in any way upon green P-polarized light, and the green
P-polarized light therefore passes through first dichroic mir-
ror 2a and second dichroic mirror 25 without alteration. The
green P-polarized light that has passed through first dichroic
mirror 2a and second dichroic mirror 25 is exited from the exit
surface of right angle prism 14.

Light source 3¢ emits blue and green S-polarized light. The
blue and green S-polarized light from light source 3c is
entered into color synthesis optical element 1 from the inci-
dent surface of right angle prism 1a (in FIG. 7, the surface
located on the upper side of the figure).

Second dichroic mirror 26 does not act in any way upon
blue and green S-polarized light, and the blue and green
S-polarized light therefore passes through second dichroic
mirror 2b without alteration. On the other hand, first dichroic
mirror 2a reflects all blue and green S-polarized light. As a
result, the luminous flux of blue and green S-polarized light is
bent 90 degrees at first dichroic mirror 2a and then exited
from the exit surface of right angle prism 15 as shown in FIG.
7.

As described hereinabove, white light can be obtained in
the illumination device of the present exemplary embodiment
by the synthesis in first dichroic mirror 2a and second dich-
roic mirror 25 of green and blue S-polarized light entered
from incident surface of right angle prism 1a, red S-polarized
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light entered from the incident surface of right angle prism 1c,
and green P-polarized light entered from the incident surface
of right angle prism 1d.

FIG. 8A is a graph showing the relation between the emis-
sion spectrum of a green LED light source and the spectral
transmittance characteristic with respect to P-polarized light
of first dichroic mirror 2a. FIG. 8B is a graph showing the
relation between the emission spectrums of each of red,
green, and blue LED light sources and the spectral reflectance
characteristic with respect to S-polarized light of first dich-
roic mirror 2a. The peak wavelength of the red LED light
source is 630 nm, the peak wavelength of the green LED light
source is 520 nm, and the peak wavelength of the blue LED
light source is 460 nm.

FIG. 9A is a graph showing the relation between the emis-
sion spectrum of a green LED light source and the spectral
transmittance characteristic with respect to P-polarized light
of'second dichroic mirror 2b. FIG. 9B is a graph showing the
relation between the emission spectrums of each of red,
green, and blue LED light sources and the spectral reflectance
characteristic with respect to S-polarized light of second
dichroic mirror 26. The peak wavelength of the red LED light
source is 630 nm, the peak wavelength of the green LED light
source is 520 nm, and the peak wavelength of the blue LED
light source is 460 nm.

As can be clearly seen from FIGS. 8A and 9A, the cutoff
wavelengths with respect to green P-polarized light of first
dichroic mirror 2a and second dichroic mirror 25 are suffi-
ciently separated. Accordingly, green P-polarized light will
not be reflected by these dichroic mirrors 2a and 25 despite
shift of the cutoff wavelength due to incident angle depen-
dency, and loss will therefore not occur due to incident angle
dependency.

In addition, as can be clearly seen from FIGS. 8B and 9B,
the cutoft wavelengths of first dichroic mirror 2a and second
dichroic mirror 26 with respect to green S-polarized light and
red S-polarized light are sufficiently separated. Accordingly,
red and green S-polarized light can be synthesized by these
dichroic mirrors 2a and 26 with virtually no loss despite shifts
in the cutoff wavelengths due to incident angle dependency.

The cutoff wavelengths of first dichroic mirror 2a and
second dichroic mirror 2b are thus set to the yellow band
which is not used in color synthesis, whereby light that is
entered at angles different from parallel light can also be
efficiently synthesized.

Typically, when semiconductor light sources such as LEDs
are used as each of red, green, and blue light sources and the
red, green, and blue light from each semiconductor light
source is synthesized to obtain white light having superior
white balance, regarding the color mixture ratios of red,
green, and blue light, the blue optical output is greater than for
other colors and the green optical output is smaller than for
the other colors. In this case, the optical output of the blue and
red semiconductor light sources is suppressed to accord with
the green semiconductor light source for which optical output
is relatively small, and as a consequence, the optical output of
the obtained white light is small.

According to the illumination device of the present exem-
plary embodiment, green light can be synthesized from two
different directions. Still further, a configuration is adopted
that reduces the amount of blue light for which the optical
output is relatively great and adds green light. Accordingly,
the three primary colors can be synthesized at preferable
color mixture ratios and white light having superior white
balance can be obtained. Still further, the optical output of the
LEDs of three colors can be exhibited at the maximum with-
out limitation.
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The effects of the illumination device of the invention of
the present application are next described.

As an example, the light-emitting unit of a blue LED mod-
ule is made up of four blue LEDs, the light-emitting unit of a
green LED module is made up of four green LEDs, and the
light-emitting unit of a red LED module is made up of four red
LEDs. When luminous flux from each of the blue, green, and
red LED modules of this type is synthesized, the entire syn-
thesized luminous flux is 6352 Im (=(455+100+133)x4).

However, the chromaticity of the above-described synthe-
sized white is (0.299, 0.271), a value that diverges greatly
toward blue-violet from the white chromaticity (0.313, 0.329)
of standard illuminant D65. The reason for this divergence is
the relative weakness of the optical output of the green LEDs
and the relative strength of the optical output of blue LEDs
with respect to the light amount ratios for obtaining a prefer-
able white.

To obtain white balance, the emitted luminous flux of green
must be increased. The emitted luminous flux can be
increased by increasing the current that flows to the LEDs if
within the rated range. However, if the amount of current is
increased in a state in which the emitted luminous flux from
the green LEDs is 1000 lm, the LEDs are driven in excess of
their rating, in which case an increase of luminous flux
according to the increase of the amount of current cannot be
expected. In addition, driving an LED in excess of its rating
not only shortens the service life of the LED, but in some
cases may destroy the LED.

As described hereinabove, both the emitted luminous flux
of'the blue LEDs is suppressed from 133 Im to 80 Im and the
emitted luminous flux ofthe red LEDs is suppressed from 455
Im to 364 Im to accord with the emitted luminous flux of the
green LED:s. In this case, the total luminous flux is 5776 1m,
which is a 9% reduction of brightness.

In contrast, in the illumination device of the present exem-
plary embodiment, blue LED module 80 is made up of three
LED chips 81a-81c¢ that emit blue light and one LED chip 814
that emits green light, as shown in FIG. 6C. In other words, in
this blue LED module, the number of blue LED chips is
decreased by one compared to the previously described blue
LED module that is made up of four blue LEDs, and one LED
chip that emits green light is disposed in its place.

In addition, red LED module 60 is composed of four LED
chips 61a-61d that emit red light as shown in FIG. 6A, and
green LED module 70 is composed of four LED chips 71a-
71d that emit green light as shown in FIG. 6B. Accordingly,
the number of green LED chips is the four LED chips 71a-71d
that are provided in green LED module 70 and one LED chip
81d that is provided in the blue LED module for a total of five.
The number of blue LED chips becomes three, and the num-
ber of red LED chips is four. When these red, green, and blue
LED chips are all driven at rating, a white chromaticity of
(0.313, 0.329) of the standard illuminant D65 is obtained.
Moreover, the total luminous flux is 7219 Im, enabling a 25%
improvement over the previously described 5776 Im.

According to the present exemplary embodiment as
described hereinabove, an illumination device is obtained
that can exhibit the optical output performance of LEDs at
their maximum, can raise the light utilization efficiency dur-
ing color mixing, and can obtain white light having superior
white balance.

The illumination device of the present exemplary embodi-
ment is not limited to a configuration that synthesizes only
green light from two different directions. For example, light
source 3a may emit red S-polarized light, light source 35 may
emit green and red P-polarized light, and light source 3¢ may
emit green and blue S-polarized light as shown in FIG. 10. In
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this case, the green and blue S-polarized light is entered into
the incident surface of right angle prism 1a, the red S-polar-
ized light is entered into the incident surface of right angle
prism 1c, and the green and red P-polarized light is entered
into the incident surface of right angle prism 14.

FIG. 11A is a graph that shows the relation between the
emission spectrums of each of green and red LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of first dichroic mirror 2a in the
color synthesis optical element of the illumination device
shown in FIG. 10. FIG. 11B is a graph showing the relation
between the emission spectrums of each of red, green, and
blue LED light sources and the spectral reflectance charac-
teristic with respect to S-polarized light of first dichroic mir-
ror 2a in the color synthesis optical element of the illumina-
tion device shown in FIG. 10. The peak wavelength of the red
LED light source is 630 nm, the peak wavelength of the green
LED light source is 520 nm, and the peak wavelength of the
blue LED light source is 460 nm.

FIG. 12A is a graph showing the relation between the
emission spectrum of the green LED light source and the
spectral transmittance characteristic with respect to P-polar-
ized light of second dichroic mirror 25 in the color synthesis
optical element of the illumination device shown in FIG. 10.
FIG. 12B is a graph showing the relation between the emis-
sion spectrums of each of red, green, and blue LED light
sources and the spectral reflectance characteristic with
respectto S-polarized light of second dichroic mirror 26 in the
color synthesis optical element in the illumination device
shown in FIG. 10. The peak wavelength of the red LED light
source is 630 nm, the peak wavelength of the green LED light
source is 520 nm, and the peak wavelength of the blue LED
light source is 460 nm.

As can be seen from FIGS. 11A and 12A, first dichroic
mirror 2a and second dichroic mirror 25 do not act in any way
upon green and red P-polarized light. As a result, the green
and red P-polarized light that is entered from the incident
surface of right angle prism 14 passes through each of dich-
roic mirrors 2a and 25 without alteration and is then exited
from the exit surface of right angle prism 15. The action of
each of dichroic mirror 2a and 25 upon red, green, and blue
S-polarized light is as shown in FIG. 7.

The cutoff wavelengths with respect to green and red P-po-
larized light of first dichroic mirror 2a and second dichroic
mirror 2b are sufficiently separated. Accordingly, green and
red P-polarized light are not reflected by these dichroic mir-
rors 2a and 26 despite shifting of the cutoff wavelengths due
to incident angle dependency, whereby loss due to incident
angle dependency does not occur.

In addition, as can be clearly seen from FIGS. 11B and
12B, the cutoff wavelengths with respect to green and red
S-polarized light of first dichroic mirror 2a and second dich-
roic mirror 25 are sufficiently separated. Accordingly, red and
green S-polarized light can be synthesized in these dichroic
mirrors 2a and 26 with virtually no loss despite shifting of the
cutoff wavelengths due to incident angle dependency.

According to the illumination device shown in FIG. 10, not
only can green light be entered from two different directions
and synthesized, but red light can also be entered from two
different directions and synthesized.

In the illumination device shown in FIG. 7 or FIG. 10, light
source 35 may be of a configuration that further emits blue
P-polarized light. In this case, blue light can also be entered
from two different directions and synthesized.

In the illumination device of the present exemplary
embodiment, the colors among red, green, and blue light that
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are subjected to color mixing from two directions can be set as
appropriate according to design.

Second Exemplary Embodiment

FIG. 13 is a perspective view showing the configuration of
the illumination device that is the second exemplary embodi-
ment of the present invention.

Referring to FIG. 13, the illumination device includes color
synthesis optical element 11 and three light sources 13a-13c.

As with the first exemplary embodiment, color synthesis
optical element 11 is a cross dichroic prism composed of four
right angle prisms 11a-11d in which surfaces that form right
angles are joined together. First dichroic mirror 12a and sec-
ond dichroic mirror 126 are composed of dielectric multilayer
films formed on the joined surfaces of right angle prisms
11a-114 so as to intersect.

Of the four side surfaces of color synthesis optical element
11, light is entered from three surfaces (the surfaces of right
angle prisms 11a, 11¢, and 114d) and colors are synthesized.
The one remaining side surface is the exit surface of the
synthesized light.

Light source 13a emits red and green light (S-polarized
light). Light source 135 emits green light (P-polarized light).
Light source 13¢ emits blue light (S-polarized light). Here,
red, green, and blue correspond to the three primary colors of
light.

The S-polarized light (red+green) from light source 13a is
entered into color synthesis optical element 11 from the inci-
dent surface of right angle prism 11¢. The P-polarized light
(green) from light source 135 is entered into color synthesis
optical element 11 from the incident surface of right angle
prism 11d. The S-polarized light (blue) from light source 13¢
is entered into color synthesis optical element 11 from the
incident surface of right angle prism 11a.

In color synthesis optical element 11, the S-polarized light
(red+green), P-polarized light (green), and S-polarized light
(blue) from each of the incident surfaces are synthesized by
first dichroic mirror 12a and second dichroic mirror 125.

In the illumination device of the first exemplary embodi-
ment, green and blue S-polarized light are entered into color
synthesis optical element 1 from the incident surface of right
angle prism 1a. In contrast, in the illumination device of the
present exemplary embodiment, green S-polarized light is
entered into color synthesis optical element 11 together with
red S-polarized light not from the incident surface of right
angle prism 11a but from the incident surface of right angle
prism 11c¢ that is opposite this incident surface. This is the
point of difference between illumination device of the present
exemplary embodiment and the color synthesis optical ele-
ment 1 of the first exemplary embodiment.

FIG. 14A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of first dichroic mirror 12a. FIG. 14B is a graph
showing the spectral reflectance characteristic with respect to
P-polarized light and S-polarized light of first dichroic mirror
12a.

The cutoff wavelength of first dichroic mirror 12a with
respect to light entered as P-polarized light is 400 nm. In this
case, first dichroic mirror 124 largely transmits and does not
reflect P-polarized light having a wavelength of 400 nm or
more. On the other hand, the cutoff wavelength of first dich-
roic mirror 12a with respect to light that is entered as S-po-
larized light is 490 nm. In this case, first dichroic mirror 12a
largely transmits and does not reflect S-polarized light having
a wavelength of 490 nm or more. In addition, first dichroic
mirror 12a largely reflects and does not transmit light of
S-polarized light having a wavelength shorter than 490 nm.
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If the characteristics of first dichroic mirror 12a are
expressed by its action upon colored light, with respect to
blue light, first dichroic mirror 12a transmits P-polarized light
and reflects S-polarized light. In other words, first dichroic
mirror 12a also acts as a polarization beam splitter upon blue
light. On the other hand, first dichroic mirror 12a does not act
in any way upon green and red light and transmits both
P-polarized light and S-polarized light.

FIG. 15A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of second dichroic mirror 1256. FIG. 15B is a graph
showing the spectral reflectance characteristic with respect to
P-polarized light and S-polarized light of second dichroic
mirror 12b.

The cutoff wavelength of second dichroic mirror 125 with
respect to light that is entered as P-polarized light is 700 nm.
In this case, second dichroic mirror 125 largely transmits and
does not reflect P-polarized light having a wavelength of 700
nm or less. On the other hand, the cutoff wavelength of second
dichroic mirror 126 with respect to light that is entered as
S-polarized light is 490 nm. In this case, second dichroic
mirror 125 largely reflects and does not transmit S-polarized
light having a wavelength of 490 nm or more. In addition,
second dichroic mirror 125 largely transmits and does not
reflect S-polarized light having a wavelength shorter than 490
nm.
If the characteristics of second dichroic mirror 126 are
expressed by its action upon colored light, second dichroic
mirror 126 does not act in any way upon blue light and
transmits both P-polarized light and S-polarized light. In
addition, with respect to green and red light, second dichroic
mirror 125 transmits P-polarized light and reflects S-polar-
ized light. In other words, second dichroic mirror 125 also
acts as a polarization beam splitter with respect to green and
red light.

The illumination device of the present exemplary embodi-
ment differs from the dichroic prism that was disclosed in
Patent Document 8 in that the cutoff wavelength with respect
to S-polarized light of first dichroic mirror 12¢ and second
dichroic mirror 1254 is set to the blue-green (cyan) band 0£490
nm. According to this point of difference, the light of a color
that is insufficient can be augmented within the constraints of
etendue in order to obtain good white balance and the optical
output characteristic of LED light sources can be exhibited to
the maximum. This feature will be described in detail here-
inbelow.

FIG. 16 is a plan view for describing the optical paths when
colored light is synthesized using the illumination device
shown in FIG. 13.

Of'the four side surfaces of color synthesis optical element
11, three surfaces are incident surfaces and colored light that
is entered from these incident surfaces is synthesized by first
dichroic mirror 12a and second dichroic mirror 1256. The one
remaining surface is the exit surface, and colored light that
has been synthesized is exited from this exit surface.

In FIG. 16, lines that are represented as solid lines with
arrows each show representative directions of the progression
of incident luminous flux, but this is not intended to indicate
that only the lines represented as solid lines with arrows are
the incident rays. The incident light is luminous flux having a
cross-sectional area no greater than the incident surfaces of
color synthesis optical element 11 and includes positions
other than the lines represented by solid lines with arrows as
well as rays having an angular component.

Light source 13¢ emits blue S-polarized light. The blue
S-polarized light from light source 13¢ is entered into color
synthesis optical element 11 from the incident surface of right
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angle prism 11a (in FIG. 16, the surface located on the upper
side of the figure). Second dichroic mirror 126 does not act in
any way upon blue S-polarized light and the blue S-polarized
light therefore passes through second dichroic mirror 125
without alteration. On the other hand, first dichroic mirror
124 reflects all blue S-polarized light. As a result, luminous
flux of blue S-polarized light is bent 90 degrees at first dich-
roic mirror 12a and is then exited from the exit surface of right
angle prism 115.

Light source 135 emits green P-polarized light. The green
P-polarized light from light source 135 is entered into color
synthesis optical element 11 from the incident surface of right
angle prism 114 (in FIG. 16, the surface located on the left
side of the figure). Neither of first dichroic mirror 12a¢ and
second dichroic mirror 125 acts in any way upon green P-po-
larized light, and green P-polarized light therefore passes
through each of dichroic mirrors 12a and 126 without alter-
ation and then is exited from the exit surface of right angle
prism 115.

Light source 13a emits red and green S-polarized light. The
red and green S-polarized light from light source 13a is
entered into color synthesis optical element 11 from the inci-
dent surface of right angle prism 11¢ (in FIG. 16, the surface
located on the lower side of the figure). First dichroic mirror
124 does not act in any way upon green and red S-polarized
light, and the green and red S-polarized light therefore passes
through first dichroic mirror 12a without alteration. On the
other hand, second dichroic mirror 124 reflects all green and
red S-polarized light, whereby the luminous flux of green and
red S-polarized light is bent 90 degrees at second dichroic
mirror 1256 and is then exited from the exit surface of right
angle prism 115 as shown in FIG. 16.

Thus, according to the illumination device of the present
exemplary embodiment, blue S-polarized light, green P-po-
larized light and S-polarized light, and red S-polarized light
can be synthesized to obtain white light.

FIG. 17A is a graph showing the relation between the
emission spectrum of a green LED light source and the spec-
tral transmittance characteristic with respect to P-polarized
light of first dichroic mirror 12a. FIG. 17B is a graph showing
the relation between the emission spectrums of each of red,
green, and blue LED light sources and the spectral reflectance
characteristic with respect to S-polarized light of first dich-
roic mirror 12a. The peak wavelength of the red LED light
source is 630 nm, the peak wavelength of the green LED light
source is 530 nm, and the peak wavelength of the blue LED
light source is 450 nm.

FIG. 18A is a graph showing the relation between the
emission spectrum of a green LED light source and the spec-
tral transmittance characteristic with respect to P-polarized
light of second dichroic mirror 126. FIG. 18B is a graph
showing the relation between the emission spectrums of each
of red, green, and blue LED light sources and the spectral
reflectance characteristic with respect to S-polarized light of
second dichroic mirror 126. The peak wavelength of the red
LED light source is 630 nm, the peak wavelength of the green
LED light source is 530 nm, and the peak wavelength of the
blue LED light source is 450 nm.

As is clear from FIGS. 17A and 18A, the cutoff wave-
lengths of first dichroic mirror 12a and second dichroic mir-
ror 126 with respect to green P-polarized light are sufficiently
separated. Accordingly, green P-polarized light is not
reflected by these dichroic mirrors 12a and 125 despite shift-
ing of the cutoff wavelengths due to incident angle depen-
dency. As a result, loss does not occur due to incident angle
dependency.
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As is clear from FIGS. 17B and 18B, the cutoff wave-
lengths of first dichroic mirror 12a and second dichroic mir-
ror 125 with respect to blue S-polarized light and green S-po-
larized light are sufficiently separated. Accordingly, blue and
green S-polarized light can be synthesized by these dichroic
mirrors 12a and 126 with virtually no loss despite shifting of
the cutoff wavelengths due to incident angle dependency.

In this way, the cutoff wavelengths of first dichroic mirror
12a and second dichroic mirror 124 are set to the blue-green
(cyan) band that is not used in color synthesis, whereby color
synthesis can be realized efficiently even for light that is
entered at angles that differ from parallel rays.

As with the first exemplary embodiment, the present exem-
plary embodiment enables the synthesis of green light from
two different directions. In addition, a configuration is
adopted that reduces the amount of red light for which the
optical output is relatively great and adds green light. Accord-
ingly, the three primary colors can be synthesized at prefer-
able color mixing ratios and white light can be obtained
having superior white balance. In addition, the optical output
of the LEDs of three colors can be displayed at their maxi-
mum without limitation.

The illumination device of the present exemplary embodi-
ment is not limited to the configuration that synthesizes only
green light from two directions. For example, the illumination
device shown in FIG. 13 may also be configured such that
light source 135 further emits blue or red P-polarized light or
red and blue P-polarized light.

In the illumination device of the present exemplary
embodiment, from among red, green, and blue, the colors that
undergo color mixing from two directions can be set as appro-
priate according to design.

It is known that, due to problems in the fabrication of
LEDs, the peak wavelength of an LED varies on the order of
+10-20 nm. In the first exemplary embodiment, the cutoff
wavelengths of the dichroic mirrors are set to the yellow
wavelength band (at least 560 nm but no greater than 600 nm),
whereby the use of a color synthesis optical element in which
the peak wavelength of green LEDs diverges in the direction
of shorter wavelengths enables an even greater decrease of
loss during color synthesis. In the second exemplary embodi-
ment, the cutoff wavelengths of the dichroic mirrors are set to
the blue-green (cyan) wavelength band (at least 480 nm but no
greater than 500 nm), whereby the use of a color synthesis
optical element in which the peak wavelength of green LEDs
diverges in the direction of longer wavelengths and the peak
wavelength of blue LEDs diverges in the direction of shorter
wavelengths enables an even greater decrease of loss during
color synthesis. A color synthesis optical element may thus be
selected in accordance with the divergence of the peak wave-
lengths of the LEDs.

In addition, the optical output characteristic of an LED
varies greatly due to problems that occur during the manu-
facturing process. When the optical output of blue LEDs is
relatively great, blue is decreased and green added as in the
first exemplary embodiment. Conversely, when the optical
output of red LEDs is relatively great, red is decreased and
green added as in the second exemplary embodiment. Still
further, the combination or arrangement of the light sources
of each color can be selected by adding red or blue P-polar-
ized light to the optical path of green P-polarized light.

In this way, the illumination device of each exemplary
embodiment is useful because it allows the utilization of
LEDs having great variations in the peak wavelength or opti-
cal output.
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Third Exemplary Embodiment

FIG. 19 is a perspective view showing the configuration of
the illumination device that is the third exemplary embodi-
ment of the present invention.

Referring to FIG. 19, the illumination device includes color
synthesis optical element 21, three light sources 23a-23¢, and
retardation plate 24.

As in the first exemplary embodiment, color synthesis opti-
cal element 21 is a cross dichroic prism composed of four
right angle prisms 21a-21d in which surfaces forming right
angles are joined together. First dichroic mirror 22a and sec-
ond dichroic mirror 226 composed of dielectric multilayer
films are formed on the joined surfaces of right angle prisms
214a-21d so as to intersect.

Of the four side surfaces of color synthesis optical element
21, light is entered from three surfaces (each of the surfaces of
right angle prisms 21a, 21¢, and 214d) and colors are synthe-
sized. The one remaining side surface is the exit surface of the
synthesized light.

Light source 234 emits red light (S-polarized light). Light
source 235 emits green light (P-polarized light). Light source
23c¢ emits green and blue light (S-polarized light). Here, red,
green, and blue correspond to the three primary colors of
light.

The S-polarized light (red) from light source 23a is entered
into color synthesis optical element 21 from the incident
surface of right angle prism 21¢. The P-polarized light (green)
from light source 235 is entered into color synthesis optical
element 21 from the incident surface of right angle prism 21d.
The S-polarized light (green+blue) from light source 23c¢ is
entered into color synthesis optical element 21 from the inci-
dent surface of right angle prism 21a.

In color synthesis optical element 21, the S-polarized light
(red), P-polarized light (green), and S-polarized light (green+
blue) from each of the incident surfaces are synthesized by
first dichroic mirror 22a and second dichroic mirror 225.

Retardation plate 24 is arranged at a position that corre-
sponds to and faces the exit surface (surface of right angle
prism 2154) of color synthesis optical element 21. The illumi-
nation device of the present exemplary embodiment differs
from illumination device of the first exemplary embodiment
in that this retardation plate 24 is provided.

In the illumination device of the first exemplary embodi-
ment, blue S-polarized light, green P-polarized light and
S-polarized light, and red S-polarized light are synthesized to
obtain white light. In other words, luminous flux is entered in
which the direction of polarization differs according to light.

When the object that is illuminated has polarization depen-
dency, the amount of light that is reflected differs according to
color. In order to circumvent this problem in the illumination
device of the present exemplary embodiment, retardation
plate 24 is arranged in the direction of progression of the
color-synthesized light (white light) that is exited from the
exit surface of color synthesis optical element 21.

Retardation plate 24 is a quarter-wave plate, and for
example, is of a construction in which polyvinyl alcohol film
is stretched uniaxially and sandwiched between protective
films. When the optical axis of a quarter-wave plate is set to
the 45-degree direction, blue S-polarized light, green S-po-
larized light, and red S-polarized light become right-handed
circularly polarized light, and green P-polarized light
becomes left-handed circularly polarized light, whereby the
directivity of the polarization of the illumination light is
eliminated and the differences caused by color in the amount
of light reflected by an object can be resolved.

Retardation plate 24 is not limited to the above-described
construction. A component composed of a multilayer film
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that acts as a quarter-wave plate over the broad wavelength
band of white light is preferable as retardation plate 24.

Retardation plate 24 may also be a retardation plate that
randomly changes the phase difference within a minute range
to cancel polarization. The illumination light from each
minute range spreads at a particular angle, whereby polariza-
tion states that differ randomly are superposed to obtain illu-
mination light that lacks a polarization characteristic.

Retardation plate 24 is not limited to a film. A component
that can electronically control phase difference such as a
liquid crystal element may also be used as retardation plate
24. A component that changes voltage that is applied within a
minute range or that changes the cell thickness of the liquid
crystal to give random phase difference, or a component that
changes phase difference at high speed to equalize the polar-
ization characteristic over time may also be used as retarda-
tion plate 24.

When the illuminated object has polarization dependency
with respect to P-polarized light and S-polarized light, the
optical axis of a half-wave plate may be set to the 22.5-degree
direction and the polarized light that is transmitted may be
rotated to the +45-degree direction. In this case, reflected light
is the average value of reflected light with respect to P-polar-
ized light and S-polarized light, and differences in reflected
light arising from color can thus be canceled.

Fourth Exemplary Embodiment

FIG. 20 is a perspective view showing the configuration of
the illumination device that is the fourth exemplary embodi-
ment of the present invention.

Referring to FIG. 20, the illumination device includes color
synthesis optical element 21 and three light sources 23a-23c.

As with the first exemplary embodiment, color synthesis
optical element 21 is a cross dichroic prism composed of four
right angle prisms 21a-21d in which surfaces that form right
angles are joined together. First dichroic mirror 22a and sec-
ond dichroic mirror 226 composed of dielectric multilayer
films are formed on the joined surfaces of the right angle
prisms 21a-21d so as to intersect.

Of'the four side surfaces of color synthesis optical element
21, light is entered from three surfaces (the surfaces of right
angle prisms 21a, 21¢, and 214d) and colors are synthesized.
The one remaining side surface is the exit surface of light that
was synthesized.

In the illumination device of the first exemplary embodi-
ment shown in FIG. 2, light source 3a emits red light (S-po-
larized light), light source 36 emits green light (P-polarized
light), and light source 3¢ emits green and blue light (S-po-
larized light).

In the illumination device of the present exemplary
embodiment, in contrast, light source 23a emits red light
(S-polarized light), light source 235 emits blue and green
light (P-polarized light), and light source 23¢ emits green
light (S-polarized light).

The S-polarized light (red) from light source 234 is entered
into color synthesis optical element 21 from the incident
surface of right angle prism 21¢. The P-polarized light (blue
and green) from light source 235 is entered into color synthe-
sis optical element 21 from the incident surface of right angle
prism 21d. The S-polarized light (green) from light source
23cis entered into color synthesis optical element 21 from the
incident surface of right angle prism 21a. In other words, the
present exemplary embodiment differs from the first exem-
plary embodiment in that green S-polarized light is entered
into color synthesis optical element 21 from light source 23¢
and blue and green P-polarized light is entered into color
synthesis optical element 21 from light source 235.
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In color synthesis optical element 21, the S-polarized light
(red), the P-polarized light (blue+green), and the S-polarized
light (green) from each incident surface are synthesized by
first dichroic mirror 22a and second dichroic mirror 225.

FIG. 21A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of first dichroic mirror 224. FIG. 21B is a graph
showing the spectral reflectance characteristic with respect to
P-polarized light and S-polarized light of first dichroic mirror
22a.

First dichroic mirror 22a largely transmits and does not
reflect light of the visible range of the incident P-polarized
light. The cutoff wavelengths of first dichroic mirror 22a with
respect to incident S-polarized light are 490 nm and 580 nm.
In this case, first dichroic mirror 22a largely transmits and
does not reflect S-polarized light having a wavelength no
greater than 490 nm and S-polarized light having a wave-
length of atleast 580 nm. In addition, first dichroic mirror 22a
largely reflects and does not transmit S-polarized light of a
wavelength range that is greater than 490 nm but less than 580
nm.

If the characteristics of first dichroic mirror 22a are
expressed as its action upon colored light, with respect to
green light, first dichroic mirror 224 transmits P-polarized
light and reflects S-polarized light. In other words, first dich-
roic mirror 22q also acts as a polarization beam splitter with
respect to green light. On the other hand, with respect to blue
and red light, first dichroic mirror 22a does not act in any way
upon either P-polarized light or S-polarized light and trans-
mits both without alteration.

FIG. 22A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of second dichroic mirror 225. FIG. 22B is a graph
showing the spectral reflectance characteristic with respect to
P-polarized light and S-polarized light of second dichroic
mirror 22b.

The cutoff wavelength of second dichroic mirror 225 with
respect to light entered as P-polarized light is 700 nm. In this
case, second dichroic mirror 225 largely transmits and does
not reflect P-polarized light having a wavelength of 700 nm or
less. On the other hand, the cutoff wavelength of second
dichroic mirror 226 with respect to light entered as S-polar-
ized light is 580 nm. In this case, second dichroic mirror 225
largely reflects and does not transmit S-polarized light having
awavelength of at least 580 nm. Conversely, second dichroic
mirror 225 largely transmits and does not reflect S-polarized
light having a wavelength shorter than 580 nm.

If the characteristics of second dichroic mirror 225 are
expressed as its action upon colored light, with respect to blue
and green light, second dichroic mirror 225 doe not act in any
way upon P-polarized light and S-polarized light and trans-
mits both without alteration. In addition, with respect to red
light, second dichroic mirror 225 transmits P-polarized light
and reflects S-polarized light. In other words, second dichroic
mirror 22b also acts as a polarization beam splitter with
respect to red light.

The setting of the cutoft wavelengths with respect to S-po-
larized light of first dichroic mirror 224 and second dichroic
mirror 225 to the blue-green (cyan) band of 490 nm and the
yellow band of 580 nm differs greatly from the spectral char-
acteristics of the dichroic prism that was disclosed in Patent
Document 8 (see FIGS. 1A and 1B). This point of difference
enables the compensation of light ofa color that is insufficient
within the constraints of etendue to obtain good white balance
and allows the optical output characteristic of LED light
sources to be exhibited at a maximum. This point will be
described in greater detail hereinbelow.
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FIG. 23 is a plan view for describing optical paths when
colors are synthesized using the illumination device shown in
FIG. 20. As previously described, of the four side surfaces of
color synthesis optical element 21, three of the surfaces are
incident surfaces, and light is entered from these incident
surfaces and the colored light is synthesized by first dichroic
mirror 22a and second dichroic mirror 225. The one remain-
ing surface is the exit surface, and light that has been synthe-
sized by first dichroic mirror 22a and second dichroic mirror
22b is exited from this exit surface.

In FIG. 23, lines represented by solid lines with arrows are
for describing representative directions of the progression of
incident luminous flux, but this does not mean that only the
lines represented as solid lines with arrows are these incident
light rays. The incident light is luminous flux having a cross-
sectional area no greater than the incident surfaces of color
synthesis optical element 21 and includes positions other than
the lines represented by solid lines with arrows as well as rays
having an angular component.

Light source 23¢ emits green S-polarized light. The green
S-polarized light from light source 23¢ is entered into color
synthesis optical element 21 from the incident surface of right
angle prism 21a (in FIG. 23, the surface located on the upper
side of the figure). Second dichroic mirror 225 does not act in
any way upon green S-polarized light and the green S-polar-
ized light therefore passes through second dichroic mirror
22b without alteration. On the other hand, first dichroic mir-
ror 22a reflects all green S-polarized light. Accordingly, the
luminous flux of green S-polarized light is bent 90 degrees at
first dichroic mirror 22a and is then exited from the exit
surface of right angle prism 215, as shown in FIG. 23.

Light source 235 emits blue and green P-polarized light.
The blue and green P-polarized light from light source 2356 is
entered into color synthesis optical element 21 from the inci-
dent surface of right angle prism 214 (in FIG. 23, the surface
located on the left side of the figure). Neither first dichroic
mirror 22a nor second dichroic mirror 2256 act in any way
upon blue and green P-polarized light, and blue and green
P-polarized light therefore pass through each of dichroic mir-
rors 22a and 225 without alteration and are then exited from
the exit surface of right angle prism 215.

Light source 23a emits red S-polarized light. The red S-po-
larized light from light source 23a is entered into color syn-
thesis optical element 21 from the incident surface of right
angle prism 21c¢ (in FIG. 23, the surface located on the lower
side of the figure). First dichroic mirror 22a does not act in
any way upon red S-polarized light, and the red S-polarized
light therefore passes through first dichroic mirror 22a with-
out alteration. On the other hand, second dichroic mirror 2254
reflects all red S-polarized light. As a result, luminous flux of
red S-polarized light is bent 90 degrees at second dichroic
mirror 2256 and is then exited from the exit surface of right
angle prism 214, as shown in FIG. 23.

In the illumination device of the present exemplary
embodiment, white light can thus be obtained by synthesizing
blue P-polarized light, green P-polarized light and S-polar-
ized light, and red S-polarized light.

FIG. 24A is a graph showing the relation between the
emission spectrums of each of blue and green LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of first dichroic mirror 22a. FIG.
24B is a graph showing the relation between the emission
spectrums of each of green and red LED light sources and the
spectral reflectance characteristic with respect to S-polarized
light of first dichroic mirror 22a. The peak wavelength of the
red LED light source is 630 nm, the peak wavelength of the
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green LED light source is 530 nm, and the peak wavelength of
the blue LED light source is 450 nm.

FIG. 25A is a graph showing the relation between the
emission spectrums of each of the blue and green LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of second dichroic mirror 22b.
FIG. 25B is a graph showing the relation between the emis-
sion spectrums of each of the red and green LED light sources
and the spectral reflectance characteristic with respect to
S-polarized light of second dichroic mirror 226. The peak
wavelength of the red LED light source is 630 nm, the peak
wavelength of the green LED light source is 530 nm, and the
peak wavelength of the blue LED light source is 450 nm.

As can be seen from FIGS. 24A and 25A, the cutoff wave-
lengths of first dichroic mirror 22a and second dichroic mir-
ror 225 with respect to blue and green P-polarized light are
sufficiently separated. Accordingly, blue and green P-polar-
ized light is not reflected by these dichroic mirrors 22a and
22b despite shifting of the cutoft wavelengths due to incident
angle dependency. As a result, loss due to incident angle
dependency does not occur.

In addition, as can be seen from FIGS. 24B and 25B, the
cutoff wavelengths of first dichroic mirror 22a and second
dichroic mirror 226 with respect to red S-polarized light and
green S-polarized light are sufficiently separated. Accord-
ingly, red and green S-polarized light can be synthesized by
these dichroic mirrors 22a and 226 with virtually no loss
despite shifting of the cutoff wavelengths due to incident
angle dependency.

The cutoff wavelengths of first dichroic mirror 22a and
second dichroic mirror 225 are thus set to the blue-green
(cyan) and yellow wavelength bands that are not used in color
synthesis, whereby colored light can be efficiently synthe-
sized for light that is entered at angles that differ from parallel
light.

As in the first exemplary embodiment, the present exem-
plary embodiment enables the synthesis of green light from
two different directions. Moreover, a configuration is adopted
that decreases the amount of blue light for which optical
output is relatively great and adds green light. Accordingly,
the three primary colors can be synthesized at preferable
color mixture ratios, and white light having superior white
balance can be obtained. In addition, the optical output of the
LEDs of three colors can be exhibited at the maximum with-
out limitation.

The illumination device of the present exemplary embodi-
ment is not limited to a configuration that synthesizes only
green light from two different directions. For example, in the
illumination device shown in FIG. 20, light source 235 may
be of a configuration that further emits red P-polarized light.

Fifth Exemplary Embodiment

FIG. 26 is a perspective view showing the configuration of
the illumination device that is the fifth exemplary embodi-
ment of the present invention.

Referring to FIG. 26, the illumination device includes color
synthesis optical element 31 and three light sources 33a-33c.

As with the first exemplary embodiment, color synthesis
optical element 31 is a cross dichroic prism composed of four
right angle prisms 31a-31d in which surfaces that form right
angles are joined together. First dichroic mirror 32a and sec-
ond dichroic mirror 325 that are composed of dielectric mul-
tilayer films are formed on the joined surfaces of right angle
prisms 31a-31d so as to intersect.

Of the four side surfaces of color synthesis optical element
31, light is entered from three surfaces (each of the surfaces of
right angle prisms 314, 31¢, and 31d). The one remaining side
surface is the exit surface of light that has been synthesized.
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In the illumination device of the first exemplary embodi-
ment shown in FIG. 2, light source 3a emits red light (S-po-
larized light), light source 36 emits green light (P-polarized
light), and light source 3¢ emits green and blue light (S-po-
larized light). In the illumination device of the present exem-
plary embodiment, in contrast, light source 33a emits blue
light (S-polarized light), light source 336 emits red and green
light (P-polarized light), and light source 33¢ emits green
light (S-polarized light).

The S-polarized light (blue) from light source 33a is
entered into color synthesis optical element 31 from the inci-
dent surface of right angle prism 31¢. The P-polarized light
(red+green) from light source 335 is entered into color syn-
thesis optical element 31 from the incident surface of right
angle prism 31d. The S-polarized light (green) is entered into
color synthesis optical element 31 from the incident surface
of right angle prism 31a. In other words, the present exem-
plary embodiment differs from the first exemplary embodi-
ment in that green S-polarized light is entered into color
synthesis optical element 31 from light source 33¢, red and
green P-polarized light is entered into color synthesis optical
element 31 from light source 335, and blue S-polarized light
is entered into color synthesis optical element 31 from light
source 33a.

In color synthesis optical element 31, the S-polarized light
(blue), P-polarized light (red+green), and S-polarized light
(green) from each incident surface are synthesized by first
dichroic mirror 32a and second dichroic mirror 325.

FIG. 27A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of first dichroic mirror 32a. FIG. 27B is a graph
showing the spectral reflectance characteristic with respect to
P-polarized light and S-polarized light of first dichroic mirror
32a.

First dichroic mirror 32a largely transmits and does not
reflect light of the visible range of the incident P-polarized
light. The cutoff wavelengths of first dichroic mirror 32a with
respect to incident S-polarized light are 490 nm and 580 nm.
In this case, first dichroic mirror 32a largely transmits and
does not reflect S-polarized light having a wavelength of 490
nm or less and 580 nm or more. In addition, first dichroic
mirror 32a largely reflects and does not transmit S-polarized
light having a wavelength band that is greater than 490 nm but
less than 580 nm.

If the characteristics of first dichroic mirror 32a are
expressed as its action upon colored light, with respect to
green light, first dichroic mirror 324 transmits P-polarized
light and reflects S-polarized light. In other words, first dich-
roic mirror 324 also acts as a polarization beam splitter with
respectto green light. First dichroic mirror 32a does not actin
any way upon blue and red light and transmits both P-polar-
ized light and S-polarized light.

FIG. 28A is a graph showing the spectral transmittance
characteristic with respect to P-polarized light and S-polar-
ized light of second dichroic mirror 325. FIG. 28B is a graph
showing the spectral reflectance characteristic with respect to
P-polarized light and S-polarized light of second dichroic
mirror 32b.

The cutoff wavelength with respect to incident P-polarized
light of second dichroic mirror 325 is 400 nm. In this case,
second dichroic mirror 325 largely transmits and does not
reflect P-polarized light having a wavelength of 400 nm or
more. In addition, the cutoff wavelength of second dichroic
mirror 326 with respect to incident S-polarized light is 490
nm. In this case, second dichroic mirror 325 largely reflects
and does not transmit S-polarized light having a wavelength
no greater than 490 nm. In addition, second dichroic mirror
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32b largely transmits and does not reflect S-polarized light
having a wavelength longer than 490 nm.

If the characteristics of second dichroic mirror 325 are
expressed by its action upon colored light, with respect to red
and green light, second dichroic mirror 325 does not act in any
way upon P-polarized light and S-polarized light and trans-
mits both without alteration. With respect to blue light, sec-
ond dichroic mirror 326 transmits P-polarized light and
reflects S-polarized light. In other words, second dichroic
mirror 325 also acts as a polarization beam splitter upon blue
light.

The present exemplary embodiment differs greatly from
the dichroic prism disclosed in Patent Document 8 (see FIG.
1A and FIG. 1B) in that the cutoft wavelengths with respect to
S-polarized light of first dichroic mirror 324 and second dich-
roic mirror 325 are set to the blue-green (cyan) band of 490
nm and the yellow band of 580 nm. Due to this point of
difference, light of a color that is insufficient can be aug-
mented within the constraints of etendue to obtain good white
balance and the optical output characteristic of LED light
sources can be exhibited to their maximum. These features
are explained in greater detail hereinbelow.

FIG. 29 is a plan view for describing the optical paths when
colors are synthesized using the illumination device shown in
FIG. 26. As previously described, three surfaces of the four
side surfaces of color synthesis optical element 31 are inci-
dent surfaces, and light is entered from these incident sur-
faces, and the colored light is synthesized by first dichroic
mirror 32a and second dichroic mirror 325. The one remain-
ing surface is the exit surface and the light that is synthesized
by first dichroic mirror 32a and second dichroic mirror 325 is
exited from this exit surface.

In FIG. 29, lines represented as solid lines with arrows are
for describing the representative directions of the progression
of'incident luminous flux, but this does not mean that only the
lines represented as solid lines with arrows are the incident
rays. The incident light is luminous flux having a cross-
sectional area no greater than the incident surfaces of color
synthesis optical element 31 and includes positions other than
the lines represented as solid lines with arrows as well as rays
having an angular component.

Light source 33¢ emits green S-polarized light. Green
S-polarized light from light source 33¢ is entered into color
synthesis optical element 31 from the incident surface of right
angle prism 31a (in FIG. 29, the surface located on the upper
side of the figure). Second dichroic mirror 3256 does not act in
any way upon green S-polarized light, and green S-polarized
light therefore passes through second dichroic mirror 325
without alteration. On the other hand, first dichroic mirror
32a reflects all green S-polarized light. As a result, the lumi-
nous flux of green S-polarized light is bent 90 degrees by first
dichroic mirror 324 and is then exited from the exit surface of
right angle prism 3154, as shown in FIG. 29.

Light source 335 emits red and green P-polarized light. The
red and green P-polarized light from light source 336 is
entered into color synthesis optical element 31 from the inci-
dent surface of right angle prism 314 (in FIG. 29, the surface
located on the left side of the figure). Neither first dichroic
mirror 32a nor second dichroic mirror 3256 act in any way
upon red and green P-polarized light, and the red and green
P-polarized light therefore pass through each of dichroic mir-
rors 32a and 325 without alteration and are then exited from
the exit surface of right angle prism 314.

Light source 33a emits blue S-polarized light. The blue
S-polarized light from light source 33a is entered into color
synthesis optical element 31 from the incident surface of right
angle prism 31c¢ (in FIG. 29, the surface located on the lower
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side of the figure). First dichroic mirror 32a does not act in
any way upon blue S-polarized light, and the blue S-polarized
light therefore passes through first dichroic mirror 32a with-
out alteration. On the other hand, second dichroic mirror 3254
reflects all blue S-polarized light. As a result, luminous flux of
blue S-polarized light is bent 90 degrees at second dichroic
mirror 325 and then exited from the exit surface of right angle
prism 315, as shown in FIG. 29.

Thus, in the illumination device of the present exemplary
embodiment, white light can be obtained by synthesizing blue
S-polarized light, green P-polarized light and S-polarized
light, and red P-polarized light.

FIG. 30A is a graph showing the relation between the
emission spectrums of each of green and red LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of first dichroic mirror 32a. FIG.
30B is a graph showing the relation between the emission
spectrums of each of blue and green LED light sources and
the spectral reflectance characteristic with respect to S-polar-
ized light of first dichroic mirror 32a. The peak wavelength of
the red LED light source is 630 nm, the peak wavelength of
the green LED light source is 530 nm, and the peak wave-
length of the blue LED light source is 450 nm.

FIG. 31A is a graph showing the relation between the
emission spectrums of each of red and green LED light
sources and the spectral transmittance characteristic with
respect to P-polarized light of second dichroic mirror 32b.
FIG. 31B is a graph showing the relation between the emis-
sion spectrums of each of the blue and green LED light
sources and the spectral reflectance characteristic with
respect to S-polarized light of second dichroic mirror 32b.
The peak wavelength of the red LED light source is 630 nm,
the peak wavelength of'the green LED light source is 530 nm,
and the peak wavelength of the blue LED light source is 450
nm.
As can be clearly seen from FIGS. 30A and 31A, the cutoff
wavelengths with respect to red and green P-polarized light of
first dichroic mirror 32a and second dichroic mirror 325 are
sufficiently separated. Accordingly, blue and green P-polar-
ized light is not reflected by these dichroic mirrors 32a and
326 despite shifting of the cutoft wavelengths due to incident
angle dependency. As a result, loss due to incident angle
dependency does not occur.

In addition, as can be clearly seen from FIGS. 30B and
31B, the cutoff wavelengths with respect to blue S-polarized
light and green S-polarized light of first dichroic mirror 32a
and second dichroic mirror 326 are sufficiently separated.
Accordingly, blue and green S-polarized light can be synthe-
sized by these dichroic mirrors 32a¢ and 325 with virtually no
loss despite shifting of the cutoff wavelengths due to incident
angle dependency.

Because the cutoff wavelengths of first dichroic mirror 32a
and second dichroic mirror 325 are thus set to the blue-green
(cyan) and yellow wavelength bands that are not used in color
synthesis, colored light can be efficiently synthesized even for
light that is entered at angles that differ from parallel light.

According to the present exemplary embodiment, as in the
first exemplary embodiment, green light can be synthesized
from two different directions. In addition, a configuration is
adopted that decreases the amount of red light for which
optical output is relatively great and that adds green light.
Accordingly, the three primary colors can be synthesized at
preferable color mixture ratios, and white light is obtained
that has superior white balance. In addition, the optical output
of'the LEDs of three colors can be exhibited at the maximum
without limitations.
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The illumination device of the present exemplary embodi-
ment is not limited to a configuration in which only green
light is synthesized from two different directions. For
example, in the illumination device shown in FIG. 26, light
source 33b may be of a configuration that further emits blue
P-polarized light.

Sixth Exemplary Embodiment

FIG. 32 is ablock diagram showing the configuration of the
projection-type display device that is the sixth exemplary
embodiment of the present invention.

Referring to FIG. 32, the projection-type display device
includes illumination device 100, control means 110, display
element 120, and projection lens 130.

Illumination device 100 is of the same configuration as the
illumination device of the first exemplary embodiment and is
made up of color synthesis optical element 1 and three light
sources 3a-3c. Color synthesis optical element 1 is a cross
dichroic prism in which first dichroic mirror 2a and second
dichroic mirror 2b composed of dielectric multilayer films are
formed on the joined surfaces of four right angle prisms so as
to intersect.

Light is entered from three surfaces (the surfaces of each of
right angle prisms 1a, 1¢, and 14) of the four side surfaces of
color synthesis optical element 1, and colors are synthesized.
The one remaining side surface is the exit surface of light that
has been synthesized. An anti-reflection film composed of a
dielectric multilayer film is applied to the incident surfaces
and exit surface of color synthesis optical element 1.

Light source 3a emits red light (S-polarized light). Light
source 3b emits green light (P-polarized light). Light source
3¢ emits green and blue light (S-polarized light). Here, red,
green, and blue correspond to the three primary colors of
light.

The S-polarized light (red) from light source 3a is entered
into color synthesis optical element 1 from the incident sur-
face of right angle prism 1c. The P-polarized light (green)
from light source 35 is entered into color synthesis optical
element 1 from the incident surface of right angle prism 1d.
The S-polarized light (blue) from light source 3¢ is entered
into color synthesis optical element 1 from the incident sur-
face of right angle prism 1a.

In color synthesis optical element 1, the S-polarized light
(red), P-polarized light (green), and S-polarized light (green+
blue) from each of the incident surfaces is synthesized by first
dichroic mirror 2a and second dichroic mirror 25, and the
synthesized light (white light) is exited from the exit surface.

Display element 120 is arranged in the direction of pro-
gression of the light that is exited from the exit surface of
color synthesis optical element 1, and projection lens 130 is
arranged in the direction of progression of light that is
reflected by display element 120. Projection lens 130 projects
the image displayed on display element 120 onto a screen (not
shown).

As shown in FIG. 5, each of light sources 3a-3¢ is made up
of LED module 50, condensing optics 52, and drive circuit 53.
In LED module 50, an LED that is light-emitting unit 51 is
mounted on a substrate. The substrate additionally serves as a
heat radiation plate and a heat sink (not shown) is attached. In
addition, heat control is effected by a forced cooling appara-
tus to stabilize the light emission characteristic of the LED.

Control means 110 controls light sources 3a-3¢ and display
element 120. FIG. 33 shows the configuration of this control
means 110. In FIG. 33, for the sake of convenience, illumi-
nation device 100 and display element 120 are shown in
addition to control means 110. Illumination device 100
shown in FIG. 33 is composed of light source 3 and color
synthesis optical element 1. Light source 3 corresponds to
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light sources 3a-3¢ shown in FIG. 32, but in FIG. 33, the light
sources are shown in a simplified state as a single light source.

As shown in FIG. 33, control means 110 is provided with
video signal processing circuit 111. Video signal processing
circuit 111 both successively supplies image signals of each
color component from the input video signal to drive circuit
122 of display element 120 to bring about the display of
images for each color component on display element 120 and
supplies synchronizing signals that are matched to the timing
of'the image display of each color component to drive circuit
53 of each light source of illumination device 100 to control
lighting of the light source of the color that corresponds to the
color component for the image display that is being effected.

Drive circuit 53 that has received a synchronizing signal
from video signal processing circuit 111 supplies current to
the LED that is the light-emitting unit of LED module 50. The
light from the LED is condensed by condensing optics 52, and
the condensed light is then entered into the incident surfaces
of color synthesis optical element 1.

As condensing optics 52, a lens-shaped optical element is
used in FIG. 33, but a reflective optical element such as a
reflector may also be used. In addition, a fly-eye lens or glass
rod may also be used as an integrator for causing the light to
illuminate display element 120 uniformly. Polarization con-
version optics that employ a polarization beam splitter and
half-wave plate may also be used to efficiently obtain the light
of the polarization component that is used in color synthesis
optical element 1. Of course, the light-emitting unit of LED
module 50 may be the light source that produces polarized
light, or a polarization conversion function may be provided
in the light-emitting unit to generate polarized light from the
light-emitting unit. In either form, the light source can be
constructed by means of any combination of known technol-
ogy.

Referring again to FIG. 32, light source 3a is provided with
red LED module 60 shown in FIG. 6A, light source 354 is
provided with green LED module 70 shown in FIG. 6B, and
light source 3¢ is provided with blue LED module 80 shown
in FIG. 6C.

The light-emitting unit of red LED module 60 is composed
of four LED chips 61a-61d for which the peak wavelength is
630 nm. The light-emitting unit of green LED module 70 is
composed of four LED chips 71a-71d for which the peak
wavelength is 520 nm. The light-emitting unit of blue LED
module 80 is composed of three LED chips 81a-81¢ for which
the peak wavelength is 460 nm and one LED chip 814 for
which the peak wavelength is 520 nm. The emission spec-
trums of the red, green, and blue LED chips are the same as
those shown in FIG. 8B.

The areas of the light-emitting units of each of red LED
module 60, green LED module 70, and blue LED module 80
are determined by the area of the display element and the
f-number of the projection lens based on the constraints of
etendue, but in the determination of the areas of the light-
emitting units, factors such as the positioning margins in
fabrication and the uniformity of the illuminance distribution
of the illumination light are taken into consideration.

In the red LED module 60, green LED module 70, and blue
LED module 80, light-emission characteristics vary with
respect to current of the LED chips that make up the light-
emitting units, and drive circuit 53 shown in FIG. 33 therefore
controls the amount of current to the LED chips according to
these light emission characteristics.

The characteristics of the LEDs of each color at the time of
rated drive are described next. The chromaticity of ared LED
is given as (0.700, 0.300) on xy chromaticity coordinates, and
the emitted luminous flux is 455 Im per chip. The chromatic-
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ity of the green LED is given as (0.195, 0.700) on xy chro-
maticity coordinates, and the emitted luminous flux is 1000
Im per chip. The chromaticity of the blue LED is given as
(0.140, 0.046) on xy chromaticity coordinates, and the emit-
ted luminous flux is 133 Im per chip.

Display element 120 is, for example, an MEMS (Micro
Electro Mechanical System)-type element in which a micro-
mirror is provided for each pixel and that switches light by the
action of mirrors. According to this element, a color picture
can be displayed by a field-sequential mode.

Video signal processing circuit 111 breaks down one frame
of a picture into fields of each of the colors red, green, and
blue by time and causes display of the images of the color
components of each field on display unit 121 by way of drive
circuit 122. Video signal processing circuit 111 supplies syn-
chronizing signals to drive circuit 53 of illumination device
100 in synchronization with the field image display and drives
the light source of each color to switch the colors of the
illumination light. Half-tones can be reproduced by modulat-
ing the pulse width of the signals that are supplied to drive
circuit 122.

The colors of field images that are displayed are not limited
to the three colors red, green, and blue. Field images of C
(cyan), M (magenta),Y (yellow) and W (white) in which these
colors are combined may also be displayed. In this case, a
plurality of light sources among light sources 3a-3c¢ are lit
simultaneously in accordance with the color of the field
image that is to be displayed.

Display element 120 is not limited to a device that uses
micromirrors. Instead of a reflective type, display element
120 may also be a transmissive-type display element in which
a microshutter is provided in each pixel. Of course, display
element 120 may also be a display element other than the
MEMS type. However, two polarization components are
included in illumination light, and a device that has no polar-
ization dependence in display operations is therefore prefer-
able as display element 120. When there is polarization
dependency in the display operations of display element 120,
polarization conversion optics may be used to arrange to one
polarization component.

The spectral transmittance characteristic and spectral
reflectance characteristic with respect to P-polarized light and
S-polarized light of first dichroic mirror 2a are as shown in
FIGS. 3A and 3B.

The spectral transmittance characteristic and spectral
reflectance characteristic with respect to P-polarized light and
S-polarized light of second dichroic mirror 25 are as shown in
FIGS. 4A and 4B.

The operations of the projection-type display device com-
posed of the above-described constituent elements are next
described using FIG. 32.

Light emitted from light source 3a (light emitted from red
LED module 60) has the spectrum of red LEDs and is entered
into color synthesis optical element 1 as S-polarized light.
S-polarized light having the spectrum of red LEDs passes
through first dichroic mirror 2a (see FIG. 8B) and is reflected
by second dichroic mirror 25 (see FIG. 9B). In other words,
the optical path of red S-polarized light is bent 90 degrees at
second dichroic mirror 25 and the red S-polarized light is then
exited from the exit surface of color synthesis optical element
1.

Light emitted from light source 354 (light emitted from
green LED module 70) has the spectrum of green LEDs and
is entered into color synthesis optical element 1 as P-polar-
ized light. The P-polarized light having the spectrum of green
LEDs passes through first dichroic mirror 2a (see FIG. 8B)
and also passes through second dichroic mirror 25 (see FIG.
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9B). In other words, P-polarized light having the spectrum of
green LEDs is exited from the exit surface of color synthesis
optical element 1 unchanged without having its optical path
bent.

Light emitted from light source 3¢ (light emitted from blue
LED module 80) has the spectrum of a green LED in addition
to the spectrum of blue LEDs and is entered into color syn-
thesis optical element 1 as S-polarized light. The S-polarized
light having the spectrum of blue LEDs and the spectrum of a
green LED passes through second dichroic mirror 25 (see
FIG. 9B) and is reflected by first dichroic mirror 2a (see FIG.
8B). In other words, S-polarized light having the spectrum of
blue LEDs and the spectrum of a green LED has its optical
path bend 90 degrees at first dichroic mirror 2a and then is
exited from the exit surface of color synthesis optical element
1.

Ilumination light (red) that is entered into display element
120 from light source 3a by way of color synthesis optical
element 1 has an angular spread in the order of +15 degrees.
Similarly, illumination light (green) entered into display ele-
ment 120 from light source 35 by way of color synthesis
optical element 1 and illumination light (green+blue) entered
into display element 120 from light source 3¢ by way of color
synthesis optical element 1 both have angular spread in the
order of £15 degrees. According to the present exemplary
embodiment, the cutoff wavelengths with respect to green
P-polarized light of first dichroic mirror 2a and second dich-
roic mirror 25 are sufficiently separated. Accordingly, green
P-polarized light is not reflected by these dichroic mirrors 2a
and 25 despite shifting of the cutoff wavelengths due to inci-
dent angle dependency. As aresult, loss does not occur due to
incident angle dependency.

Similarly, the cutoft wavelengths with respect to blue and
green S-polarized light and red S-polarized light of first dich-
roic mirror 2a and second dichroic mirror 25 are sufficiently
separated. Accordingly, blue, green, and red S-polarized light
can be synthesized with virtually no loss by these dichroic
mirrors 2a and 26 despite shifting of the cutoff wavelengths
due to incident angle dependency.

As described hereinabove, light from light sources 3a-3¢ is
entered into color synthesis optical element 1 from three
directions. In color synthesis optical element 1, light entered
from three directions is synthesized and exited so as to have
the same optical axis, and display element 120 is illuminated
by the light exited from this color synthesis optical element 1.
The luminous flux that has undergone intensity modulation
according to the image in display element 120 is entered into
projection lens 130. The images (pictures) displayed in dis-
play element 120 are then projected on a screen (not shown)
by projection lens 130.

The effect of the projection-type display device of the
present exemplary embodiment is next described.

As an example, the light-emitting unit of a blue LED mod-
ule is made up of four blue LEDs, the light-emitting unit of a
green LED module is made up of four green LEDs, and the
light-emitting unit of ared LED module is made up of four red
LEDs. The total synthesized luminous flux when the lumi-
nous flux from each of these blue, green, and red LED mod-
ules is synthesized is 6352 Im (455+1000+133).

However, the chromaticity of white that is synthesized as
described above is (0.299, 0.271) and therefore diverges
greatly in the direction of blue-violet from the white chroma-
ticity (0.313, 0.329) of the standard illuminant D6 . This
divergence occurs because the optical output of green LEDs
is relatively weak with respect to the light quantity ratios for
obtaining desirable white while the optical output of blue
LEDs is relatively strong.
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To obtain white balance, the emitted luminous flux of green
must be increased. If within the rated range, the emitted
luminous flux can be increased by increasing the current that
flows to the LEDs. However, increasing the current amount in
a state in which the emitted luminous flux from green LEDs is
1000 Im results in driving the LED at a level that exceeds its
rating, and in this case, the luminous flux cannot be expected
to increase in accordance with an increase of the current
amount. In addition, driving LEDs in excess of the rating not
only shortens the life expectancy of the LEDs but may even
destroy the LEDs.

Based on the foregoing, the emitted luminous flux of the
blue LEDs is normally suppressed to from 133 Im to 80 Im
and the emitted luminous flux of the red LEDs is suppressed
to from 455 Im to 364 Im in accordance with the emitted
luminous flux of the green LEDs. In this case, the total lumi-
nous flux is 5776 lm, and the brightness is decreased by 9%.

In the projection-type display device of the present exem-
plary embodiment, in contrast, blue LED module 80 is made
up of three LED chips 81a-81c¢ that emit blue light and a
single LED chip 814 that emits green light, as shown in FIG.
6C. In other words, compared to the above-described blue
LED module that is made up of four blue LEDs, the number
of'blue LED chips in this blue LED module is reduced by one
to three and an LED chip that emits green light is arranged in
its place.

In addition, in the projection-type display device of the
present exemplary embodiment, red LED module 60 is made
up of four LED chips 61a-61d that emit red light as shown in
FIG. 6A, and green LED module 70 is made up of four LED
chips 71a-71d that emit green light as shown in FIG. 6B.
Accordingly, the number of green LED chips is the four LED
chips 71a-71d that are provided in green LED module 70 and
the single green LED chip 81d that is used in blue LED
module 80 for a total of five. In addition, the number of blue
LED chips is three, and the number of red LED chips is four.
When these red, green, and blue LED chips are all driven at
rating, the white chromaticity (0.313, 0.329) of standard illu-
minant D65 is obtained as the white chromaticity. In addition,
the total luminous flux is 7219 Im, enabling a 25% improve-
ment over the 5776 Im described above.

According to the present exemplary embodiment as
described hereinabove, a projection-type display device is
obtained that can display a bright projected image by using an
illumination device that can exhibit the optical output perfor-
mance of LEDs ata maximum, that obtains white light having
superior white balance, and moreover, that features high opti-
cal utilization efficiency when mixing colors.

In the present exemplary embodiment, a cross dichroic
prism shown in the first exemplary embodiment was used as
color synthesis optical element 1, but when the optical output
characteristic of red LEDs surpasses that of blue LEDs, the
cross dichroic prism shown in the second exemplary embodi-
ment may also be used. In this case, four LED chips that emit
green light are mounted in the green LED module, four LED
chips that emit blue light are mounted in the blue LED mod-
ule, and three LED chips that emit red light and one LED chip
that emits green light are mounted in the red LED module.

As other examples, the number of green LEDs may be
decreased and red or blue LEDs may be added in the green
LED module.

Blue LED module 80 shown in FIG. 6C was assumed to
have three blue LED chips 81a-81¢ and one green LED chip
814 mounted on a substrate, but the module is not limited to
this configuration. Four green LED of one-quarter the chip
area may be used and these may be arranged in symmetrical
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form, for example, in the four corners of the light-emitting
unit, whereby the color mixing of the emitted light is
improved.

All of the LED modules of each color shown in FIGS.
6A-6C have four LED chips mounted on a substrate, but the
modules are not limited to this form. The LED chip that is
mounted in an LED module that emits light of a single color
may be a single LED chip having four times the area. The
number of LED chips that are mounted in an LED module that
emits light of two colors may be two or more. The important
point is not the number of LED chips, but rather, the chip area.
The chip area of LED chips that are mounted in an LED
module is preferably set while keeping the color-mixing ratio
in mind. Using LED chips having a small area enables setting
the chip area at a more precise color-mixing ratio.

Of course, if the optical output characteristic of blue LEDs
is higher, two blue LED chips in the blue LED module shown
in FIG. 6C may be replaced by two green LED chips. An LED
module is therefore preferably designed as appropriate
according to the optical output characteristics of the LEDs
that are used.

Alternatively, rather than mounting a plurality of LED
chips on a single substrate, a plurality of components each
having one LED chip mounted may be used and synthesis
realized using an optical means such as a light guide plate.

Still further, to increase the absolute quantity of light,
means may be used in combination that use a hologram or
dichroic mirror described in the background art to synthesize
light of a plurality of colors having different peak wave-
lengths.

In the interest of simplification in the foregoing explana-
tion, the display elements of each color, the color synthesis
optical element, and the projection lens were assumed to be
components that do not generate loss that depends on wave-
length, and explanation was presented using ratios of the
quantity of luminous flux emitted from each light source. In
actuality, there are also constituent parts in which the trans-
mission characteristics vary according to color, and the area
ratios of LED chips are preferably set by the light-quantity
ratios of luminous flux of each color exited from the projec-
tion lens when displaying an all-white screen.

Seventh Exemplary Embodiment

FIG. 34 is ablock diagram showing the configuration of the
projection-type display device that is the seventh exemplary
embodiment of the present invention. The projection-type
display device of the present exemplary embodiment is a
device in which retardation plate 140 is added to the configu-
ration of the projection-type display device of the sixth exem-
plary embodiment. The configuration and operations other
than retardation plate 140 are all identical to the sixth exem-
plary embodiment.

As described hereinabove, in the projection-type display
device of the sixth exemplary embodiment, blue S-polarized
light, green P-polarized light and S-polarized light, and red
S-polarized light are synthesized in color synthesis optical
element 1, and the light from this color synthesis optical
element 1 illuminates display element 120. When, for
example, an MEMS-type component is used for display ele-
ment 120, the polarization direction also differs for each color
for a projected image.

A case is considered in which the projection-type display
device of the sixth exemplary embodiment is applied to a
stereoscopic display device that uses a liquid crystal shutter
eyeglasses to perform stereoscopic display. In a stereoscopic
display device of this type, a screen is used that allows the
polarization of the projected image to be maintained. As a
result, when the image that is projected onto the screen from
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the projection-type display device is viewed by way of liquid
crystal shutter eyeglasses, the polarization direction of trans-
mitted light is limited by a sheet polarizer that is provided in
the liquid crystal shutter eyeglasses. In other words, the colors
of'the image are changed. A similar problem occurs not only
with liquid crystal shutter eyeglasses, but whenever a means
that limits polarization is used to view a projected image.

In the projection-type display device of the present exem-
plary embodiment, retardation plate 140 is provided between
color synthesis optical element 1 and display element 120 at
aposition that faces the exit surface of color synthesis optical
element 1 to solve the above-described problem.

Retardation plate 140 is a quarter-wave plate and is of a
configuration in which a polyvinyl alcohol film is stretched
uniaxially and sandwiched between protective films. When,
for example, the optical axis of retardation plate 140 is set to
the 45-degree direction, blue S-polarized light, green S-po-
larized light, and red S-polarized light become right-handed
circularly polarized light and green P-polarized light
becomes left-handed circularly polarized light, whereby the
directivity of the polarization of projected light can be elimi-
nated and the problem of differences in the amount of
reflected light due to color can be canceled.

Retardation plate 140 is not limited to the construction
described above. As retardation plate 140, a preferable con-
struction is made up of a multilayer film that acts as a quarter-
wave plate across the broad wavelength band of white light.

In addition, retardation plate 140 may also be a retardation
plate that makes phase difference change randomly in minute
regions to thus cancel polarization. [llumination light from
each minute region progressively spreads at a certain angle,
whereby randomly different polarization states are super-
posed and illumination light lacking polarization is obtained.

Retardation plate 140 is not limited to a film. A component
that can electronically control phase difference such as a
liquid crystal element can also be used as retardation plate
140. In addition, a component that changes the voltage that is
applied in minute regions to thus change the liquid crystal cell
thickness and give random phase differences may also be
used as retardation plate 140.

When the polarization axis of the sheet polarizer of liquid
crystal shutter eyeglasses is in a direction parallel to P-polar-
ized light or S-polarized light, a half-wave plate may be used
as retardation plate 140, and the optical axis may be set to the
22.5-degree direction to rotate the polarized light that passes
through in the +45-degree direction. In this case, light that
passes through liquid crystal shutter eyeglasses is the average
value of transmitted light with respect to P-polarized light and
S-polarized light and the problem of differences in transmit-
ted light due to color can therefore be resolved.

The position at which retardation plate 140 is arranged is
not limited to a position that faces the exit surface of color
synthesis optical element 1. Retardation plate 140 may also
be arranged between display element 120 and projection lens
130 or at a position that faces the exit surface of projection
lens 130. In either case, the same effect can be obtained as
when retardation plate 140 is arranged at a position that faces
the exit surface of color synthesis optical element 1.

The present invention realized by each of the above-de-
scribed exemplary embodiments exhibits the following
actions and effects.

Typically, when solid-state light sources such as LEDs are
used as each of red, green, and blue light sources and the red,
green, and blue light from each solid-state light source is
synthesized to obtain white light having superior white bal-
ance, the blue optical output with respect to the color mixing
ratios of red, green, and blue light is greater than for the other
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colors and the green optical output is smaller than for the
other colors. In such cases, the optical output of the blue and
red solid-state light sources is limited to accord with the green
solid-state light source for which the optical output is rela-
tively small, whereby the optical output of the white light that
is obtained is reduced.

The illumination device according to one aspect of the
present invention includes:

a first light source that includes a solid-state light source
whose peak wavelength is set in the red wavelength band;

asecond light source that includes a solid-state light source
whose peak wavelength is set in the green wavelength band;

a third light source that includes a solid-state light source
whose peak wavelength is set in the blue wavelength band;
and

a color synthesis optical element in which colored light of
afirst polarization that is entered from the second light source
and colored light of a second polarization for which the state
of polarization differs from the first polarization that is
entered from the first and third light sources are synthesized;

wherein any one of the first to third light sources further
includes at least one solid-state light source whose peak
wavelength is set in a specific wavelength band that is the
wavelength band of the color of the solid-state light source
that is used in one of the remaining two light sources.

According to the above-described configuration, green
light can be synthesized from two different directions. In
addition, this configuration decreases the amount of blue light
for which optical output is relatively great and adds green
light. Accordingly, the three primary colors can be synthe-
sized at optimum color mixing ratios and white light is
obtained having superior white balance.

In addition, the optical output of the solid-state light
sources of the three colors can be exhibited at a maximum
without limitations.

In the above-described illumination device of the present
invention, the above-described color synthesis optical ele-
ment may be of a configuration that includes: an exit surface;

first to third incident surfaces;

first and second films that are provided such that the film
surfaces intersect each other and that selectively reflect or
transmit incident light according to wavelength;

the above-described first film transmitting, of visible light
of a first polarization, at least light of the above-described
specific wavelength band and reflecting, of visible light of a
second polarization whose polarization state differs from that
of the above-described first polarization, at least light of the
above-described specific wavelength band; the above-de-
scribed second film transmitting, of visible light of the above-
described first polarization, at least light of the above-de-
scribed specific wavelength band and transmitting, of visible
light of the above-described second polarization, at least light
of the above-described specific wavelength band; and

the cutoff wavelengths with respect to the above-described
second polarization of the above-described first and second
films being set within band ranges other than the wavelength
bands of red, green, and blue that are the three primary colors
of light, and at least colored light of the above-described
second polarization that is entered from the above-described
first incident surface, colored light of the above-described
first polarization that is entered from the above-described
second incident surface, and colored light of the above-de-
scribed second polarization that is entered from the above-
described third incident surface being exited from the above-
described exit surface by way of the above-described first and
second films.
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The following actions and effects are exhibited by means
of'this configuration. In the following explanation, the prob-
lems in the previously described Patent Documents 1-5 are
also described together.

Typically, a dichroic mirror composed of a dielectric mul-
tilayer film, while having the advantage of small light absorp-
tion, also has incident angle dependency and polarization
dependency. Although incident angle dependency and polar-
ization dependency do not occur in the case of perpendicular
incidence (the angle of incidence is 0 degrees), this dichroic
mirror has the characteristic in which the amount of shift or
divergence from the designed value of cutoff wavelength
increases as the angle of incidence increases.

In addition, the cut-off characteristic is not steep, but
rather, has a slope in a band in the order of 20 nm-30 nm,
whereby the separation-synthesis efficiency in this wave-
length band drops.

As shown in Patent Document 1, regarding light from
LEDs for which peak wavelengths are close, the synthesis
efficiency drops in the vicinity of the cutoff wavelengths.
When an LED having a large semiconductor chip area is used
to obtain brightness, despite conversion to parallel luminous
flux by means of'a lens, light exited from directions other than
the optical axis and having angularity is exited from the lens,
whereby the colors of the synthesized light will differ for each
angular component due to the incident angle dependency of
the dichroic mirrors. In addition, the emitted light from the
LED has random polarization directions, whereby only the
component of any one of the polarization directions may be
synthesized.

When this type of dichroic mirror is used to synthesize light
of a plurality of colors, the efficiency during synthesis drops
when the peak wavelengths are not separated and a bright
synthesized light cannot be obtained.

As shown in Patent Documents 2-5, when four colors or six
colors among the band of white light are synthesized, when
bright luminous flux is to be obtained, light other than parallel
luminous flux also occurs and the efficiency of light synthesis
similarly drops due to incident angle dependency or polariza-
tion dependency. Furthermore, when the ratios at which mul-
tiple colors are synthesized differ due to angular components,
irregular color will appear on the projection screen.

In particular, as shown in Patent Document 2 or Patent
Documents 4 and 5, when light from LEDs of two colors is
supplied from the same direction, the colored light does not
mix as parallel luminous flux, and angular spread must be
conferred in order to achieve uniform color mixing of each of
the colors. However, when angular spread is conferred, loss
occurs during color mixing of light that is entered from other
directions due to the incident angle dependency of the dich-
roic mirrors. Thus, there is the trade-off in which although
angular spread must be conferred in order to achieve uniform
color mixing of each of the colors, conferring this angular
spread results in loss due to incident angle dependency.

According to the color synthesis optical element in the
illumination device of the above-described present invention,
a configuration can be provided in which the cutoff wave-
lengths of a first film (for example, a dichroic mirror) and a
second film (for example, a dichroic mirror) with respect to
green P-polarized light are sufficiently separated. Accord-
ingly, green P-polarized light is not reflected by these films
despite shifting of the cutoff wavelengths due to incident
angle dependency. As a result, loss due to incident angle
dependency does not occur.

Alternatively, a configuration can be provided in which, for
example, the cutoff wavelengths of the first film and the
second film with respect to green S-polarized light and red
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S-polarized light are sufficiently separated. Accordingly, the
red and green S-polarized light can be synthesized by these
films with virtually no loss despite shifting of the cutoff
wavelengths due to incident angle dependency.

Accordingly, colored light can be efficiently synthesized
for light that is entered at angles that differ from parallel light.

As described hereinabove, the present invention can pro-
vide an illumination device that can cause realization of the
maximum optical output performance of LEDs and that fea-
tures high light utilization efficiency during color mixing, and
that can obtain white light having superior white balance.

In addition, the present invention can provide a projection-
type display device in which this illumination device is used
to obtain a bright projected image.

The illumination device of each of the exemplary embodi-
ments described above and the projection-type display device
that uses the illumination device are only examples of the
present invention, and the configurations and operations of
these devices are open to appropriate modifications within a
scope that does not diverge from the gist of the present inven-
tion.

For example, the illumination device of the first to third
exemplary embodiments, the illumination device of the
fourth and fifth exemplary embodiments, and the projection-
type display device of the sixth and seventh exemplary
embodiments can be combined as appropriate.

In addition, in the first to seventh exemplary embodiments,
the relation between P-polarized light and S-polarized light
can be reversed (description of P-polarized light can be
described as S-polarized light, and description of S-polarized
light can be described as P-polarized light).

Still further, the first and second dichroic mirrors are not
limited to dielectric multilayer films and may also be optical
films having wavelength selectivity or polarization selectivity
such as holograms.

The angle of intersection of the first and second dichroic
mirrors is not limited to 90 degrees.

The first and second dichroic mirrors may be formed on
plate glass rather than in prism shapes.

Still further, in the first to seventh exemplary embodiments,
other solid-state light sources such as semiconductor lasers
may be used in place of LEDs.

The display element is not limited to a component that uses
micromirrors. Instead of a reflective type, the display element
may be a transmissive display element provided with a micro-
shutter at each pixel. The display element may also be a
device other than a digital mirror device, such as a liquid
crystal light valve.

Although the present invention has been described with
reference to exemplary embodiments, the present invention is
not limited to the above-described exemplary embodiments.
The configuration and operation of the present invention is
open to various modifications within a scope that does not
depart from the gist of the present invention that will be
understood by one of ordinary skill in the art.

This application claims the benefits of priority based on
Japanese Patent Application No. 2009-222671 for which
application was submitted on Sep. 28, 2009 and incorporates
by citation all of the disclosures of that application.

The invention claimed is:

1. An illumination device comprising:

a first light source that includes a solid-state light source
having a peak wavelength that is set in a red wavelength
band;

asecond light source that includes a solid-state light source
having a peak wavelength that is set in a green wave-
length band;
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a third light source that includes a solid-state light source
having a peak wavelength that is set in a blue wavelength
band; and

a color synthesis optical element that synthesizes colored
light of a first polarization that enters the color synthesis
optical element from said second light source and col-
ored light of a second polarization having a polarization
state that differs from a polarization state of said first
polarization, the colored light of the second polarization
entering the color synthesis optical element from said
first light source and said third light source;

wherein any one of said first light source, said second light
source and said third light source further includes at least
one solid-state light source having a peak wavelength
that is set in a specific wavelength band that is a wave-
length band of a color of the solid-state light source that
is used in one of the remaining two light sources,

wherein said color synthesis optical element comprises:
an exit surface;

a first incident surface, a second incident surface and a
third incident surface; and

afirst film and a second film provided such that a surface
of the first film and a surface of the second film inter-
sect with each other, the first film and the second film
selectively reflecting or transmitting incident light
according to the wavelength of the incident light,

wherein:

said first film transmits, of visible light of said first polar-
ization, at least light of said specific wavelength band
and reflects, of visible light of said second polarization,
at least light of said specific wavelength band;

said second film transmits, of said visible light of said first
polarization, at least light of said specific wavelength
band and transmits, of said visible light of said second
polarization, at least light of said specific wavelength
band; and

cutoff wavelengths of said first film and said second film
with respect to said second polarization are set within
ranges of bands other than the wavelength bands of red,
green, and blue that are three primary colors of light, and
at least colored light of said second polarization that
enters the color synthesis optical element from said first
incident surface, colored light of said first polarization
that enters the color synthesis optical element from said
second incident surface, and colored light of said second
polarization that enters the color synthesis optical ele-
ment from said third incident surface exit the color syn-
thesis optical element from said exit surface by way of
said first and second films.

2. The illumination device as set forth in claim 1, wherein
the solid-state light source having the peak wavelength that is
set in said specific wavelength band is a solid-state light
source having the peak wavelength that is set in said green
wavelength band and is provided in said third light source.

3. The illumination device as set forth in claim 2, wherein:

the cutoff wavelengths with respect to said second polar-
ization of said first and second films are set to within the
range of the yellow wavelength band;

said first light source emits red light of said second polar-
ization having a peak wavelength that is set in said red
wavelength band;

said second light source emits green light of said first
polarization having a peak wavelength that is set in said
green wavelength band; and

said third light source emits green light of said second
polarization having a peak wavelength that is set in said
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green wavelength band and blue light of said second
polarization having a peak wavelength that is set in said
blue wavelength band.

4. The illumination device as set forth in claim 3, wherein

said yellow wavelength band is at least 560 nm and no greater
than 600 nm.

5. An illumination device comprising:

a first light source that includes a solid-state light source
having a peak wavelength that is set in a red wavelength
band;

asecond light source that includes a solid-state light source
having a peak wavelength that is set in a blue wavelength
band;

a third light source that includes a solid-state light source
having a peak wavelength that is set in a green wave-
length band; and

a color synthesis optical element that synthesizes colored
light of a first polarization that enters the color synthesis
optical element from said second light source and col-
ored light of a second polarization having a polarization
state that differs from a polarization state of said first
polarization, the colored light of the second polarization
entering the color synthesis optical element from said
first light source and said third light source;

wherein any one of said first light source, said second light
source and said third light source further includes at least
one solid-state light source having a peak wavelength
that is set in a specific wavelength band that is a wave-
length band of a color of the solid-state light source that
is used in one of the remaining two light sources,

wherein said color synthesis optical element comprises:
an exit surface;

a first incident surface, a second incident surface and a
third incident surface; and

afirst film and a second film provided such thata surface
of the first film and a surface of the second film inter-
sect with each other, said first film and said second
film selectively reflecting or transmitting incident
light according to the wavelength of the incident light,

wherein:

said first film transmits, of visible light of said first polar-
ization, at least light of said specific wavelength band
and reflects, of visible light of said second polarization,
at least light of said specific wavelength band;

said second film transmits, of said visible light of said first
polarization, at least light of said specific wavelength
band and transmits, of said visible light of said second
polarization, at least light of said specific wavelength
band;

cutoff wavelengths of said first film and said second film
with respect to said second polarization are set within
ranges of bands other than the wavelength bands of red,
green, and blue that are three primary colors of light, and
at least colored light of said second polarization that
enters the color synthesis optical element from said first
incident surface, colored light of said first polarization
that enters the color synthesis optical element from said
second incident surface, and colored light of said second
polarization that enters the color synthesis optical ele-
ment from said third incident surface exit the color syn-
thesis optical element from said exit surface by way of
said first and second films, and

wherein:

said solid-state light source having the peak wavelength
that is set in said specific wavelength band, which is
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arranged in said second light source, is a solid-state light
source having a peak wavelength that is set in said green
wavelength band;

the cutoff wavelength with respect to said second polariza-
tion of said first film includes first and second cutoff
wavelengths, the first cutoff wavelength being set within
the range of the yellow wavelength band and the second
cutoff wavelength being set within the range of the blue-
green wavelength band;

the cutoff wavelength with respect to said second polariza-
tion of said second film is set within said yellow wave-
length band;

said first light source emits red light of said second polar-
ization having a peak wavelength that is set in said red
wavelength band;

said second light source emits blue light of said first polar-
ization having a peak wavelength that is set in said blue
wavelength band and green light of said first polarization
having a peak wavelength that is set in said green wave-
length band; and

said third light source emits green light of said second
polarization having a peak wavelength that is set in said
green wavelength band.

6. An illumination device comprising:

a first light source that includes a solid-state light source
having a peak wavelength that is set in a blue wavelength
band;

a second light source that includes a solid-state light source
having a peak wavelength that is set in a red wavelength
band;

a third light source that includes a solid-state light source
having a peak wavelength that is set in a green wave-
length band; and

a color synthesis optical element that synthesizes colored
light of a first polarization that enters the color synthesis
optical element from said second light source and col-
ored light of a second polarization having a polarization
state that differs from a polarization state of said first
polarization, the colored light of the second polarization
entering the color synthesis optical element from said
first light source and said third light source;

wherein any one of said first light source, said second light
source, and said third light source further includes at
least one solid-state light source having a peak wave-
length that is set in a specific wavelength band that is a
wavelength band of a color of the solid-state light source
that is used in one of the remaining two light sources,

wherein said color synthesis optical element comprises:
an exit surface;

a first incident surface, a second incident surface, and a
third incident surface; and

afirst film and a second film provided such that a surface
of the first film and a surface of the second film inter-
sect with each other, said first film and said second
film selectively reflecting or transmitting incident
light according to the wavelength of the incident light,

wherein:

said first film transmits, of visible light of said first polar-
ization, at least light of said specific wavelength band
and reflects, of visible light of said second polarization,
at least light of said specific wavelength band;

said second film transmits, of said visible light of said first
polarization, at least light of said specific wavelength
band and transmits, of said visible light of said second
polarization, at least light of said specific wavelength
band;
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cutoff wavelengths of said first film and said second film
with respect to said second polarization are set within
ranges of bands other than the wavelength bands of red,
green, and blue that are three primary colors of light, and
at least colored light of said second polarization that
enters the color synthesis optical element from said first
incident surface, colored light of said first polarization
that enters the color synthesis optical element from said
second incident surface, and colored light of said second
polarization that enters the color synthesis optical ele-
ment from said third incident surface exit the color syn-
thesis optical element from said exit surface by way of
said first and second films, and

wherein:

said solid-state light source having the peak wavelength
that is set in said specific wavelength band, which is
arranged in said second light source, is a solid-state light
source having a peak wavelength that is set in said green
wavelength band;

the cutoff wavelength with respect to said second polariza-
tion of said first film includes first and second cutoff
wavelengths, the first cutoft wavelength being set to a
wavelength of the yellow wavelength band and the sec-
ond cutoff wavelength being set to a wavelength of the
blue-green wavelength band;

the cutoff wavelength with respect to said second polariza-
tion of said second film is set to a wavelength of said
blue-green wavelength band;

said first light source emits blue light of said second polar-
ization having a peak wavelength that is set in said blue
wavelength band;
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said second light source emits green light of said first
polarization having a peak wavelength that is set in said
green wavelength band and red light of said first polar-
ization having a peak wavelength that is set in said red
wavelength band; and

said third light source emits green light of said second

polarization having a peak wavelength that is set in said
green wavelength band.

7. The illumination device as set forth in claim 1, further
comprising four right angle prisms including surfaces that
form right angles, the surfaces of each right angle prism being
joined together, wherein said first film and said second film
are formed on the joined surfaces of the right angle prisms.

8. The illumination device as set forth in claim 1, further
comprising a retardation plate that converts light exited from
said color synthesis optical element to circularly polarized
light.

9. A projection-type display device comprising:

the illumination device as set forth in claim 1;

a display element into which light from said illumination

device is entered,

projection optics that project an image displayed by said

display elements; and

a control unit that both causes images that accord with an

input video signal to be displayed on said display ele-
ment for each color component that corresponds to the
three primary colors of light and that controls lighting of
said first to third light sources that make up said illumi-
nation device in synchronization with the timing of the
image display of each color component.
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